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ABSTRACT OF DISSERTATION 
 
 
 
FABRICATION AND CHARACTERIZATION OF ORGANIC-INORGANIC HYBRID 
PEROVSKITE SOLAR CELLS 
 
Solar energy as the most abundant source of energy is clean, non-pollutant, and 
completely renewable, which provides energy security, independence, and reliability. 
Organic-inorganic hybrid perovskite solar cells (PSCs) revolutionized the photovoltaics 
field not only by showing high efficiency of above 22% in just a few years but also by 
providing cheap and facile fabrication methods. 
In this dissertation, fabrication of PSCs in both ambient air conditions and 
environmentally controlled N2-filled glove-box are studied.  Several characterization 
methods such as SEM, XRD, EDS, Profilometry, four-point probe measurement, EQE, 
and current-voltage measurements were employed to examine the quality of thin films and 
the performance of the PSCs. A few issues with the use of equipment for the fabrication 
of thin films are addressed, and the solutions are provided. 
It is suggested to fabricate PSCs in ambient air conditions entirely, to reduce the 
production cost. So, in this part, the preparation of the solutions, the fabrication of thin 
films, and the storage of materials were performed in ambient air conditions regardless of 
their humidity sensitivity. Thus, for the first part, the fabrication of PSCs in ambient air 
conditions with relative humidity above ~36% with and without moisture sensitive 
material, i.e., Li-TFSI are provided. Perovskite materials including MAPbI3 and mixed 
cation MAyFA(1-y)PbIxBr(1-x) compositions are investigated. Many solution-process 
parameters such as the spin-coating speed for deposition of the hole transporting layer 
(HTL), preparation of the HTL solution, impact of air and light on the HTL conductivity, 
and the effect of repetitive measurement of PSCs are investigated. The results show that 
the higher spin speed of PbI2 is critical for high-quality PbI2 film formation. The author 
also found that exposure of samples to air and light are both crucial for fabrication of solar 
cells with larger current density and better fill factor. The aging characteristics of the PSCs 
in air and vacuum environments are also investigated. Each performance parameter of air-
stored samples shows a drastic change compared with that of the vacuum-stored samples, 
and both moisture and oxygen in air are found to influence the PSCs performances. These 
results are essential towards the fabrication of low-cost, high-efficiency PSCs in ambient 
air conditions. 
In the second part, the research is focused on the fabrication of high-efficiency 
PSCs using the glove-box. Both single-step and two-step spin-coating methods with 
perovskite precursors such as MAyFA(1-y)PbIxBr(1-x) and Cesium-doped mixed cation 
perovskite with a final formula of Cs0.07MA0.1581FA0.7719Pb1I2.49Br0.51 were considered. 
The effect of several materials and process parameters on the performance of PSCs are 
 
 
investigated. A new solution which consists of titanium dioxide (TiO2), hydrochloric acid 
(HCl), and anhydrous ethanol is introduced and optimized for fabrication of quick, 
pinhole-free, and efficient hole-blocking layer using the spin-coating method. Highly 
reproducible PSCs with an average power conversion efficiency (PCE) of 15.4% are 
fabricated using this solution by spin-coating method compared to the conventional 
solution utilizing both spin-coating with an average PCE of 10.6% and spray pyrolysis 
with an average PCE of 13.78%. Moreover, a thin layer of silver is introduced as an 
interlayer between the HTL and the back contact. Interestingly, it improved the current 
density and, finally the PCEs of devices by improving the adhesion of the back electrode 
onto the organic HTL and increasing the light reflection in the PSC. Finally, a highly 
reproducible fabrication procedure for cesium-doped PSCs using the anti-solvent method 
with an average PCE of 16.5%, and a maximum PCE of ~17.5% is provided.  
 
KEYWORDS: Perovskite Solar Cells, Ambient Air Conditions, N2-Filled Glovebox, 
Scanning Electron Microscopy, Spin-Coating, Anti-Solvent Method. 
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Chapter 1. Perovskite Solar Cells 
1.1. Introduction 
Currently, the world is heavily depending on fossil fuels such as oil, coal, and 
natural gases. Consuming fossil fuels produce CO2 and other pollutants, causing global 
warming and environmental pollution. It is of critical importance to search for clean and 
renewable energy resources. Solar power is such an attractive energy source as it is an 
entirely renewable source of energy which provides energy security, independence, and 
reliability.  
Today, oil is the primary source of energy in the world and is provided by only a 
few countries, while others are the consumers. The United States has lots of oil sources 
while trying to increase the renewable energy fraction. Sun is available to all countries 
freely as a source of energy, especially the southern states in the US. Solar power on Earth 
is the world’s most abundant energy resource with a year’s sunlight containing 1.5×109-
terawatt hour (TWh) of energy. By comparison, the total known reserves of oil, coal, and 
gas are only ~8.5×106 TWh. Thus, a year’s solar power provides more than a hundred 
times’ energy of the world’s entire known fossil fuel reserves (Sum and Mathews 2014). 
Harnessing solar energy would yield a never-ending energy supply. However, the difficulty 
has always been converting solar energy efficiently and cost-effectively. Sunlight is 
regarded as the most promising replacement for fossil fuels because it is a clean, cheap, 
abundant, and renewable energy source. A solar cell absorbs photons of incident light and 
converts the energy of light into the electrical energy either by indirectly converting it to 
heat or directly by the photovoltaic (PV) effect. Kearns and Calvin discovered the PV effect 
in 1958 (Kearns and Calvin 1958). Most of the solar cells are designed to handle sunlight 
that reaches the Earth's surface, while others are optimized for use in the Space. Solar cells 
are working based on the PV effect that occurs when the light is hitting a semiconductor 
material and produces a potential difference or voltage. The voltage created in the cell drive 
a current through an external electrical circuit that it can be used to generate power. It is 
essential to reduce the total cost of solar energy to make it competitive with the fossil fuels. 
It can be achieved by either lowering the cost of PV cells or by increasing their power 
conversion efficiency (PCE). The performance of solar cells is measured by their PCE 
which calculated using the following formula: 
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where VOC is the open-circuit voltage, JSC is the short-circuit current density, FF is the fill 
factor, Pin is the energy of incident light, Jm-pp is the current at the maximum power point, 
and Vm-pp is the voltage at the maximum power point. 
1.2. The Renaissance of Perovskite Solar Cells 
Solar cells are classified into three different generations. The first generation of 
solar cells is made of crystalline silicon that includes materials such as polysilicon and 
monocrystalline silicon. They are the dominant solar cell in the solar market. Silicon solar 
cells have the highest PCE up to date. Second generation cells are thin-film cells that 
include amorphous silicon, cadmium telluride (CdTe), and CuInGaSe2 (CIGS) solar cells. 
Thin-film technology reduces the amount of active material in a solar cell which leads to 
lowering the cost. Thin-film solar cells also make it possible to deposit cells on various 
substrates including flexible substrates for related applications. 
Recently, scientists have developed the third-generation solar cells including 
organic solar cells, dye-sensitized solar cells (DSSCs), and perovskite solar cells (PSCs) to 
reduce the cost of the solar cells. There is much research invested into these emerging 
technologies such as DSSCs and PSCs as they have the potential to achieve the goal of 
producing low-cost and high-efficiency solar cells. Figure 1-1 shows the certified 
efficiency table for all generations PV cells (Chart). Highest certified PCE belongs to four-
junction silicon solar cell with ɳ =44.7%. CIGS technology shows efficiency as high as 
21%. Most recently, Cu2ZnSnS4 (CZTS) solar cell emerged as the less-toxic thin film solar 
cell technology, which achieved ~12% efficiency. Among the third-generation solar cells, 
the PCE of PSCs has increased from 3.81% to over 22.1% from 2009 to 2017 (Kojima, 
Teshima et al. 2009, Yang, Park et al. 2017).  
Solar cells are also categorized into three types based on the materials that were 
used in them as the absorption layer: inorganic, organic, and hybrid. Inorganic solar cells, 
such as silicon-based and III-V compound based, are leading the market. However, the 
manufacturing processes are often expensive. Organic solar cells include polymer-based 
and small molecule-based. Tang et al. invented the first organic solar cell in 1986 [4]. 
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Organic solar cells have not yet entered the commercial market because their efficiency is 
extremely low (Green, Emery et al. 2011). Hybrid solar cells have inorganic-organic halide 
perovskite as the absorber layer in their structure. The light absorber of the PSCs is APbX3 
(A=CH3NH3, (NH2)2CH2 or Cs, X= I, Br or Cl) film. PSCs are considered as the most 
promising replacement of silicon solar cells due to their low-cost and high absorption 
properties. Perovskite was discovered in the Ural Mountains of Russia by Gustav Rose in 
1839 and is named after the Russian mineralogist Lev Perovski (1792–1856). It gets its 
name from a class of compounds that have the same type of crystal structure as CaTiO3 
(ABO3, ABX3) known as the perovskite structure (Wenk and Bulakh 2016).  
Perovskite has many exciting properties, such as the possibility of low-temperature 
processing, tunable band gap, low production cost, high absorption coefficient, etc. For 
example, halide perovskites have the optimum band gap range between 1.2 eV to 2.3 eV 
which can be adjusted by the materials composition. Perovskites have high absorption 
coefficient which means only several hundreds of nanometers of perovskite are sufficient 
to collect enough light. Also, this material has long electron and hole diffusion lengths 
Figure 1-1: Best research-cell efficiencies. This plot is courtesy of the national 
renewable energy laboratory, Golden, CO. 
4 
 
which are necessary for high-performance solar cells to suppress the recombination of 
photoexcited charges. 
Organic-inorganic lead (Pb) halide perovskites as light harvesters and hole-
transport materials have revolutionized the emerging PV technologies because the solar 
cells can be manufactured using low-cost solution-based processes (Kim, Lee et al. 2012, 
Lee, Teuscher et al. 2012, Burschka, Pellet et al. 2013, Heo, Im et al. 2013, Liu, Johnston 
et al. 2013, Snaith 2013, Grätzel 2014, Im, Jang et al. 2014, Jeon, Noh et al. 2014, Zhou, 
Chen et al. 2014, Yang, Park et al. 2017). The certified record efficiencies of PSCs reported 
by different research groups is illustrated in Figure 1-2. Kojima et al. reported the first 
incorporation of perovskites into a solar cell in 2009 (Kojima, Teshima et al. 2009). This 
cell was based on a dye-sensitized solar cell and generated only 3.81% PCE with a thin 
layer of CH3NH3PbI3 and 3.13% PCE with a thin layer of CH3NH3PbI3 on mesoporous 
TiO2 as electron-collector. In 2011, Park et al. modified the structure of the PSCs to achieve 
a PCE of 6.5% (Im, Lee et al. 2011). In 2013, J. Burschka et al. introduced the sequential 
deposition method as a new route for the fabrication of PSCs to optimize the morphology 
of perovskite layer, and the certified PCE of 14.14% for the champion cell with the average 
of 12% in reverse scan measurement was achieved (Burschka, Pellet et al. 2013). Since 
Figure 1-2: The record efficiencies of PSCs reported over time. 
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then excellent works reporting high efficiencies in organic-inorganic lead halide PSCs have 
been reported with maximum efficiencies over 22% (Jeon, Noh et al. 2015, Bi, Tress et al. 
2016, Saliba, Matsui et al. 2016, Liu, Li et al. 2017, Yang, Park et al. 2017), showing 
promising potential of perovskite materials toward future cost-effective and high-
performance solar cells. 
1.3. Crystal Structure of Perovskite 
Victor Goldschmidt first described the perovskite crystal structure in his work on 
tolerance factors in 1926 (Goldschmidt 1926). Perovskites have a cubic structure with a 
general formula of ABO3 or ABX3. ABO3 are oxide perovskites. They are colorless and 
wide band gap solids. Thus, oxide perovskites are undesirable for high-efficiency solar 
cells. ABX3 are halide perovskites that can merely achieve band gap tuning by varying of 
all three cation and anion components. In ABX3 perovskites, the eight A-site ions located 
on the eight corners of the lattice, a B-site ion, in the center of the lattice, and six X-atoms 
on the six faces. Figure 1-3 shows the unit cell of most commonly studied inorganic-
organic halide perovskite Methylammonium lead tri-halide (CH3NH3PbX3). A is a small 
monovalent organic cation such as methylammonium (CH3NH3) on the corners of the 
lattice. B is a divalent group 14 metal (Ge, Sn or Pb) in the center of the lattice and X are 
halides (Cl, Br or I). CH3NH3PbX3 that has a band gap between 1.55 eV and 2.3 eV. The 
band gap is controllable by changing the halide content (Noh, Im et al. 2013, Eperon, 
Figure 1-3 Unit cell of inorganic-organic halide perovskite CH3NH3PbX3, 
where X is I, Br or Cl (Noh, Im et al. 2013, Eperon, Stranks et al. 2014). 
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Stranks et al. 2014). This type of perovskite can harvest the energy of sunlight very 
efficiently because it absorbs both visible and infrared light.  
1.4. Device Structure and the Operational Principle of Meso-Planar PSCs 
Based on the order of n- and p-type regions and the direction of incident light, there 
are planar and inverted structures for PSCs. The planar PSCs are categorized in two forms 
depending on the presence of mesoporous material in the structure. The planar structure 
consists of Fluorine-doped thin oxide (FTO)/n-region/absorber (intrinsic)/p-region as n-i-
p. In this dissertation, the author focused on the meso-planar PSC that includes a 
mesoporous layer on top of the n-type region as shown in Figure 1-4. The n-i-p mesoscopic 
PSC is the most common structure reported so far with the best and highest PCEs. Figure 
1-4 shows the typical structure and the energy level structure of the mesoporous n-i-p PSC. 
This structure consists of a substrate made of FTO on the top of a piece of glass. Light must 
go through this layer to reach the center of the device, so the glass and FTO must have low-
resistance and high-transmittance not to reduce the light power. On top of FTO, we have a 
thin layer of the electron transport layer (ETL) which is usually 30-60 nm of titanium 
dioxide (TiO2). This layer is the n-type region of the n-i-p structure. A 200-nm mesoporous 
TiO2 film deposited on top of ETL to increase the surface area of cells for collecting the 
incident light more efficiently. Then, the absorbing perovskite layer as the intrinsic region 
infiltrated into the pores of mesoporous TiO2 to form both meso-perovskite and perovskite 
Figure 1-4: Mesoporous TiO2-based solar cells: (a) Typical structure and (b) the 
corresponding energy band structure. 
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cap layers. The hole transporting material (HTM) is spiro-OMeTAD, an organic material 
doped with other additives, to function as the p-type region on top of perovskite in the n-i-
p structure. Finally, a thin layer of gold (Au) is used as the metal contact to collect the holes 
and to connect to the electrodes. The principle of operation is as follows: the incidence of 
photons into perovskite generates electron-hole pairs (See Figure 1-4 (b)). Electrons are 
injected into the nearby TiO2 nanoparticles, transport through them and arrive at the thin 
TiO2 layer. Eventually, electrons are collected by the FTO substrate. Meanwhile, the holes 
that are injected into the HTL eventually collected by the Au electrode.
8 
 
Chapter 2. Fabrication Methods, Measurements, and Characterization of PSCs 
In this chapter, fabrication and deposition methods that were used in this 
dissertation are explained in detail. For example, for the deposition of a thin ETL (in this 
thesis, TiO2), the author used three different methods including RF sputtering, spray 
pyrolysis, and spin-coating method. Thus, all three methods are explained in detail under 
deposition of ETL section. 
Unless otherwise mentioned, all chemicals were purchased from Sigma-Aldrich 
and used as received. All solvents were anhydrous. The Spiro-OMeTAD was purchased 
from Borun New Materials, LLC. The MAI, TiO2 paste (18-NRZ), FAI, FK209, MABr, 
and FABr materials were purchased from Greatcell Solar Ltd. FTO coated glass 
(Pilkington, 15Ω.cm-2) was used as the substrate. 
2.1. Fluorine-doped Tin Oxide 
FTO is used as the substrate in solar cells because it has excellent stability at high 
temperatures, low cost compared to the ITO, and keeps high transmittance (> 80%) at low 
resistance. The workfunction of FTO was reported to be 4.4 eV (Andersson, Johansson et 
al. 1998). However, recent studies matching with new cleaning processes found a higher 
workfunction of 5 eV for FTO substrates (Helander, Greiner et al. 2011). ITO with a band 
gap of 3.5-4.3 eV that has excellent electrical conductivity and optical transparency is 
another widely used substrate for PSCs. ITO can also be deposited as a thin film and 
provides a smoother surface compared to the FTO substrate.  The smooth surface is critical 
in applications that the first layer on the substrate is very thin such as c-TiO2 in the planar 
PSCs. The author used FTO as a substrate in this dissertation because we need annealing 
at high temperature for the mesostructured PSCs. Based on our experiment, the resistance 
of the contact area in our ITO substrates increases upon annealing at high temperature and 
etching with O2 plasma. 
2.1.1. Photolithography 
To form a specific pattern on the FTO, the author used AutoCAD software to design 
the pattern for the photolithography process. Several patterns and masks provided for 
deposition of the metal layer as the back contact in the sputtering and evaporation systems. 
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The Karl Suss MJB-3 Mask Aligner in the cleanroom was used for photolithography. For 
etching the FTO, we used 10mg Zn powder with DI water to make a paste. Then, a 2M 
solution of HCl is provided by slowly adding 3.285 mL of HCl 37%, Sigma Aldrich to 
5mL deionized water. Then, we adjusted the overall volume to 20 mL by adding deionized 
water. After 10-15 min, the resistance of FTO-etched part became 200-500 KΩ.cm-2 which 
means the etch process was not perfect. So, we immersed the samples in an HF solution 
(HF 1:10 DI water) for 1min and measured the resistance again. The resistance became 
infinite this time which means a successful etching of FTO is achieved. The FTO part was 
not damaged during immersion in an aquatic HF solution because it was covered with a 
layer of photoresist. Thus, the photoresist was removed by photoresist remover. Finally, 
the samples cleaned with DI water and dried with N2. After photolithography, the samples 
were ready for the cleaning processes. 
2.1.2. Sonication in Solvents 
Cleaning of the substrate is a critical step in the fabrication of PSCs which will 
affect the performance of the device significantly. We will discuss the effect of cleaning 
substrates on the performance of PSCs in Chapter 4. Several cleaning process steps must 
be performed to clean the FTO substrate correctly. For example, cleaning FTO samples 
using only acetone and IPA leaves high carbon contamination on the surface of FTO 
(Helander, Greiner et al. 2011). These contaminations reduce the workfunction of FTO, 
results in non-ideal band alignment in the band structure of PSCs. Therefore, special cares 
must be taken during the cleaning of samples. A typical cleaning process includes washing 
samples with hand soap detergent, and then sonication in a solution of Hellmanex III and 
DI water (2:10 volume ratio) for 30 min, then sonication with acetone, IPA, and DI water 
for 15 min each at a temperature of 40C. The samples must be washed with DI water 
thoroughly after sonication in Hellmanex III solution. This step is critical. Otherwise, the 
samples will show cloudy non-uniform regions on the surface. These non-idealities 
decrease the light transmission through the glass and FTO layer. Also, the author usually 
used the boiling DI water to rinse and clean the substrates. After sonication with IPA, 
samples dried with the N2 flow and kept in the room temperature for immediate use in the 
next step. 
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2.1.3. Microwave Oxygen Plasma Etching and UVO Treatment 
It is crucial to have a smooth, spike-free FTO surface especially when the next top 
layer is a (~30-60 nm) thin film. O2 plasma etching of FTO samples before deposition of 
c-TiO2 is essential because this etching process provides smoother surface compared to the 
non-etched samples. Also, the workfunction of FTO substrate reduces in energy upon UVO 
treatment. The lower workfunction is beneficial for device performance. It is confirmed 
that 15 min UV ozone treatment increases the workfunction of FTO to a new value of 5.1 
eV (Sugiyama, Ishii et al. 2000, Kim, Lee et al. 2004, Hains, Liu et al. 2010, Helander, 
Greiner et al. 2011). Thus, in this dissertation, the author usually used the microwave 
plasma etching for 7-15 min for samples right before deposition of the c-TiO2 layer. Both 
O2 and argon were used as the source gas for the cleaning process. The UVO treatment 
provided by Graham lab at the Department of Chemistry at the University of Kentucky was 
occasionally used. It was used by the author for cleaning samples right before deposition 
of both c-TiO2 and perovskite layers a few times. We usually used 15 min UVO treatment 
for each step. 
2.2. Hole-Blocking Layer Titanium Dioxide (TiO2) 
The existence of a hole-blocking layer (HBL) is crucial for the performance of 
PSCs. It blocks generated holes to not reach to the FTO and transport electrons toward the 
FTO. The ideal film is a thin layer of materials that can cover the entire surface of FTO 
without any micro/nano pinholes. The full coverage of surface depends on the deposition 
technique. Although there are many types of materials used for transporting electrons and 
blocking the holes, most of the state-of-the-art PSCs are based on TiO2. TiO2 is a wide 
band gap non-toxic semiconductor with three phases named as anatase, rutile, and brookite. 
The band gap of TiO2 is 3.2 eV. TiO2 is widely used as the ETL for PSCs. This layer 
usually deposited by spray pyrolysis. Spray pyrolysis is a cheap and easy method that does 
not require much more expensive equipment while provides good quality thin films. An 
HBL helps generated electrons to transfer from the absorber layer to the FTO layer. At the 
same time, this layer blocks the generated holes from going toward the FTO contact. Thus, 
the efficiency of the PSCs depends on the HBL layer’s performance directly. Most of the 
reported high-efficiency PSCs have TiO2 as an HBL. In addition, when incident light 
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passes through the FTO and c-TiO2 layers in a PSC, the photons will be absorbed by 
perovskite layer in the mesostructured PSCs. The electrons and holes are generated upon 
absorption in this region, and the population of electron/hole reduces when the light goes 
through the absorber layer toward the HTM layer. So, the electron-hole density close to the 
c-TiO2 layer is higher than that near the HTM layer. Therefore, the region close to the c-
TiO2 in the absorber layer is more important compared to the region near the HTM layer, 
and so their interface. 
The major drawback with TiO2 is the low mobility of TiO2 compared to other ETL 
materials. There are some research articles on the fabrication of perovskite SCs based on 
TiO2 nanotubes showing promising performances compared to the mesoporous structures 
due to a better electron collection provided by TiO2 nanotubes. For example, Qin et al. 
fabricated PSCs based on the highly transparent anatase TiO2 nanotube arrays (Qin, 
Paulose et al. 2015). The efficiency of PSCs increased from 12.8% to 14.8% by using 
nanotube arrays because they provide a direct path for generated electrons to transport from 
the absorber layer to the FTO (Qin, Paulose et al. 2015). Graphene nanoflakes have been 
used to modify the TiO2 ETL in PSCs by Wang et al. (Wang, Ball et al. 2013). The 
performance of fabricated PSCs improved because graphene with high charge mobility 
reduces the series resistance, and therefore improves the fill factor and efficiency of the 
device. SnO2 has excellent electronic and optical properties compared to TiO2, such as 
better antireflection properties, higher electron mobility, suitable band edge position and a 
wider band gap. Ke et al. fabricated the SnO2 compact layer by spin coating and annealing 
in the air to enhance the current density and suppress the open circuit voltage. This device 
shows an improved efficiency of 17.2% (Ke, Fang et al. 2015). Zhu et al. have reported on 
improved efficiency and stability of PSCs based on C60/ SnO2 as an ETL. In their work, 
the improvement resulted from high crystallinity of the thick SnO2 ETL which provides a 
respectable electron-transporting property to yield efficiency of 18.8% (Zhu, Bai et al. 
2016). These works show the potential of SnO2 as an ETL in the PSCs. Zn2SnO4 is used in 
PSCs as ETL on plastic substrates to lower the production cost (Shin, Yang et al. 2015). 
The introduction of ZSO film improves the transmittance of the ITO substrate that 
increased the efficiency of the device. Cadmium sulfide (CdS) has been used in CdTe solar 
cells. In 2015, Liu et al. reported the incorporation of CdS as an ETL in the PSCs with a 
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maximum efficiency of 11.2% under reverse scans (Liu, Gao et al. 2015). The efficiency 
of the fabricated PSC is not high when compared to the other PSCs which employed TiO2, 
SnO2, Zinc Oxide (ZnO) as ETL in their structure. However, the critical factor is the low-
temperature fabrication process. SiO2 is mostly used in the silicon industry and integrated 
circuits. However, Wang et al. used SiO2 as an ETL in the PSCs, where a maximum 
efficiency of 11.5% is achieved. Low current density (16 mA/cm2) is the dominant 
parameter responsible for the low efficiency of this device (Hwang, Roh et al. 2014). In 
this dissertation, the author used different methods for deposition of the TiO2 layer such as 
RF sputtering, spin-coating, and spray pyrolysis. The details of each technique are provided 
in the relevant subsection. 
2.2.1. RF Sputtering 
RF sputtering was used to deposit a thin, compact layer of TiO2 with a thickness of 
30-60 nm. The thickness of the layer was controlled by the deposition time. The TiO2 target 
had a purity of 99.99%, and the distance between the target and sample was about 10 cm. 
The chamber was pumped down for 75 min to get the pressure of 0.05 mTorr. To clean the 
target surface, the pre-deposition process performed for 6 min or 150 °A. The process was 
completed in pure Ar gas with a flow meter of 15 sccm (standard cubic centimeter per 
minute). The sputtering process of compact TiO2 was finished at the power of 150W with 
a deposition rate of 0.7 °A/sec at a working pressure of 4.1 mTorr. In the case of gold 
sputtering, the power was 16 W to have a deposition rate of 0.5 °A/sec at a pressure of 3.6 
mTorr. The film thickness was adjusted by the sputtering time and monitored by the film-
thickness meter which was mounted on the substrate stage in the chamber. 
2.2.2. Spray Pyrolysis 
For spray pyrolysis, the TiO2 solution prepared by adding Diisopropoxytitanium 
bis(acetylacetonate) (75% in 2-propanol, Sigma-Aldrich) and ethanol with a volume ratio 
of 1:19. It is the common solution for deposition of c-TiO2 in PSCs using spray pyrolysis 
(Burschka, Pellet et al. 2013, Wojciechowski, Saliba et al. 2014). For a typical deposition, 
samples cleaned with 7-15 min oxygen plasma before the spray process. Then, the samples 
left on a hotplate with a temperature of 450°C for 15 min before doing spray. A 6-8 mL of 
solution fed into the spray gun followed by spraying on the samples for 10-15 min with a 
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10s stop between each 10s spray. The films subsequently annealed at 450°C for 45 minutes. 
The thickness of the TiO2 layer controlled by the spray time for the same solution volume, 
solution density, distance, and same pressure for the carrier gas. The distance between the 
spray gun with a nozzle diameter of 2 mm and samples was 20 cm. Gas pressure set to 2.5 
psi for slow and uniform deposition. A piece of micro-slide glass used to cover the FTO 
contact area. The thickness of the TiO2 thin films measured using the surface profiler meter. 
2.2.3. Spin-Coating 
In this dissertation, the author used two different solutions named A and B for spin-
coating of c-TiO2. Also, it is suggested to deposit c-TiO2 layer in ambient air conditions. 
However, the author performed this process using the spin-coater placed inside the 
glovebox due to equipment limitation. The results for PSCs based on different solutions 
along with the optimization of the process are provided in Chapter 4.  
The mostly used c-TiO2 solution for the spin-coating method in literature is a mildly 
acidic solution of Diisopropoxytitanium bis(acetylacetonate) (75% in 2-propanol, Sigma-
Aldrich) in ethanol with a molarity of 0.15 M (Eperon, Burlakov et al. 2014). In this case, 
73 uL of TiO2 solution mixed with 927 uL of ethanol. Deposition of a pinhole-free c-TiO2 
layer with a smooth surface is critical. However, the spin-coating method usually generates 
pinholes in the thin-film. Thus, one needs to repeat spin-coating the c-TiO2 solution three 
times to get rid of pinholes in the film. Thus, it puts extra effort, cost, time, and equipment 
into account, and the film will still not be perfect. Here, the author introduced a new 
solution for c-TiO2 named as solution B in this dissertation which gives a pinhole-free and 
smooth surface layer with one spin-coating step. Solution B consists of titanium 
isopropoxide (TiO2 99.99%, Sigma Aldrich) mixed with ethanol and HCl (350µl in 5mL 
ethanol with 0.013M HCl). Here, we usually used 100 uL of the solution for spin-coating 
at a speed of 2000 rpm for 30 seconds followed by annealing at 135C for 10 min inside the 
glovebox. In contrast, this step was repeated three times for samples with solution A. The 
samples transferred out of the glovebox to anneal at 450C for 45 min in the hood. It should 
be noted that the thickness of ETL layer usually was 130-160 nm before the annealing at 
450C. The thickness decreases to 30-55 nm upon annealing at 450C for 45 min. The actual 
thickness of the final film can be controlled by the solution density and the annealing time.  
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2.3. Deposition of Mesoporous TiO2 Layer 
Mesoporous TiO2 has two critical roles in the PSCs: to transport the generated 
electrons from perovskite layer toward the ETL and to increase the active surface area for 
deposition of perovskite layer. For this step, a solution prepared by dissolving commercial 
TiO2 paste (Dyesol 30 NR-D and 18-NRD, Dyesol) in ethanol with a density of 0.135 
mg/mL. The solution left on the stir without temperature for more than three hours to 
completely dissolve TiO2 nanoparticles in the ethanol. Thus, a 150-200 nm mesoporous 
TiO2 deposited by spin-coating of 180 uL of the solution at 4500 rpm for the 30s. Then, 
samples were left on a hotplate inside the glovebox (in ambient air conditions) to dry at 
120°C for 10 mins. Samples took out of the glovebox for another sintering at 520°C for 45 
min in the air. The thickness of mp-TiO2 layer controlled by either density of the solution 
or spin-coating speed. Based on our experiments, the mp-TiO2 paste dissolved in the 
anhydrous ethanol with densities of 0.1 g/mL, 0.15 mg/mL, and 0.225 mg/mL with the 
spin-coating speed of 4000 rpm for 20 secs in the same processing and operation condition 
forms films with a thickness of 110 nm, 240 nm, and 410 nm, respectively. Thus, unless 
otherwise mentioned, the author usually used a density of 0.135 mg/mL for mp-TiO2 at a 
speed of 4000 rpm for 20s followed by annealing at 500℃ for 45 min to get an mp-TiO2 
film with a thickness of about 175 nm. This thin film shows the anatase phase in XRD 
spectra. The mesoporous TiO2 layer can collect electrons and achieve the balance between 
the hole flux and the electron flux effectively due to its larger surface area. Because of the 
balance between the hole flux and the electron flux, the mesoporous-structure PSCs have 
less hysteresis. However, the mobility of electrons in the TiO2 is much lower than the 
mobility of electrons in the perovskite layer and the transport length of electrons in the 
mesoporous layer is much longer than that in the compact TiO2 layer (Heo, Han et al. 
2015). Therefore, the conductivity of TiO2 limits the improvement of the performance of 
PSCs. 
It is reported that lithium (Li) can passivate the defects in the TiO2 film especially 
the defects on the surface and increase the conductivity of TiO2 so that the Li-treated TiO2 
is beneficial to the improvement of the performance of the mesoporous-structure PSCs (Li, 
Cooper et al. 2016, Wu, Chan et al. 2016). Therefore, the results provided in Chapter 4 are 
for devices containing Li-doped mp-TiO2. It was suggested to perform the Li-doping of 
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mp-TiO2 under dry air condition (Giordano, Abate et al. 2016). However, in this 
dissertation, the author completed Li-doping of mp-TiO2 step inside the N2-filled glovebox 
due to the limit of equipment. It may deteriorate the performance of the device because the 
purpose of doping mp-TiO2 with Li-TFSI was the treatment of the surface of mp-TiO2 by 
the introduction of Li+ ions by thermal diffusion to form LiO2 or LiOH overlayer 
(Giordano, Abate et al. 2016). For a typical process, a 0.1M solution of Li-TFSI dissolved 
in ACN is provided one hour before use. The solution left on the stir for one hour with a 
magnet inside the bottle to completely dissolve the material. Then, 80 uL of the solution 
was dispensed on the 1” by 1” sample followed by spin-coating at 4000 rpm for 20 sec. 
Finally, samples left on the hotplate inside the glovebox to anneal at 125℃ for 10 min, 
followed by another annealing step in the hood at 450℃ for 45 min. After annealing, 
samples were kept on the hotplate with a temperature of 200℃ before transferring into the 
glovebox. In this way, the samples and the Li-doped mp-TiO2 layer are kept safe from 
moisture in the air because the Li-TFSI absorbs water in the air. Li-TFSI is overly sensitive 
to the humidity and changes from powder to the liquid in less than 10 min upon exposure 
to the humidity (Sarvari, Wang et al. 2018). The top-view SEM images for mp-TiO2 and 
Li-doped mp-TO2 are provided in Figure 2-1 (a, b) and (c, d), respectively. There are some 
Figure 2-1: Top-view SEM images for (a,b) mp-TiO2 and (c,d) Li-doped mp-TiO2. 
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white Li-TFSI particles on the surface of mp-TiO2 that did not dissolve into the solution 
completely and thus can affect the performance of the cells. 
2.4. Deposition of Perovskite Layer  
Deposition of the absorber layer, i.e., the perovskite layer in the PSCs is the most 
crucial process step. The perovskite materials have been used for deposition with many 
methods such as spray pyrolysis (Barrows, Pearson et al. 2014), dip coating (Burschka, 
Pellet et al. 2013), chemical vapor deposition (Chen, Zhou et al. 2013), spin-coating (Lee, 
Teuscher et al. 2012), atomic layer deposition (Sutherland, Hoogland et al. 2015), and 
thermal evaporation (Liu, Johnston et al. 2013, Malinkiewicz, Yella et al. 2014). In this 
dissertation, the author used different perovskite compositions for use with the spin-coating 
method. Also, both the ambient air conditions and the N2-filled glovebox were used for 
deposition of the perovskite films. Thus, the properties and process conditions of 
perovskites in each environment are different. The author used both single-step and two-
step spin-coating methods for fabrication of the perovskite layer in ambient air conditions 
and glovebox. Figure 2-2 shows the processing steps of single-step and two-step spin-
coating methods for fabrication of the perovskite film (Im, Kim et al. 2014). In this section, 
these two methods are described briefly.  
2.4.1. One-Step Spin-Coating Method 
In this method, all perovskite material compositions were mixed with a specific 
molar ratio and dissolved in a solvent such as DMF and DMSO or a mixture of them. Then, 
the solution was left on the stir with a temperature of 65℃ for a few hours to overnight to 
get a homogeneous solution. Then, the solution deposited on the mesoporous TiO2 samples 
with the anti-solvent method by spin-coating followed by annealing step. This method 
requires fewer fabrication steps compared to the two-step method. Many research articles 
reported the fabrication of high-efficiency PSCs using the one-step spin-coating method 
(Jeon, Noh et al. 2015, Roldan-Carmona, Gratia et al. 2015, Bi, Tress et al. 2016, Bi, Yi et 
al. 2016, Saliba, Matsui et al. 2016, Saliba, Matsui et al. 2016). For example, for the first 
time, Jeon et al. incorporated MAPbBr3 into FAPbI3 in two-step spin-coating method to 
stabilize the perovskite layer and improve the efficiency (Jeon, Noh et al. 2015). The result 
shows a high efficiency of more than 18% under a standard illumination of 100 mW/cm2. 
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In another work, Roldan et al. used a non-stoichiometric PbI2:CH3NH3I ratio in the 
precursor solution and achieved a maximum PCE of above 19.09% (Roldan-Carmona, 
Gratia et al. 2015). Maximum efficiency of 20.8% was achieved using the one-step spin-
coating method from a solution containing a mixture of FAI, PbI2, MABr, and PbBr2 (Bi, 
Tress et al. 2016). The molar ratio of 1.05 for PbI2/FAI was found to be critical in the 
preparation of the perovskite solution for this method (Bi, Tress et al. 2016). Saliba et al. 
added a small amount of oxidation-stable rubidium cation (Rb+) into the perovskite 
precursor solution with the one-step method which resulted in an efficiency of 21.6% on 
small active areas (Saliba, Matsui et al. 2016). This device also shows good stability 
characteristic under the full illumination and maximum power point tracking condition. In 
another work, Saliba et al. incorporated Cesium (Cs) into the perovskite precursor solution 
to have triple cations including FAI, MAI, and CsI (Saliba, Matsui et al. 2016). Using this 
technique with the one-step spin-coating, a stabilized power output of 21.17% obtained. Bi 
et al. used poly(methyl methacrylate) (PMMA) as a template to control the growth of 
perovskite crystals using the one-step fabrication method (Bi, Yi et al. 2016). With this 
approach, shiny and smooth perovskite films with excellent electronic properties 
fabricated, and maximum efficiency of 21.6% reported (Bi, Yi et al. 2016). The high- 
Figure 2-2: Major fabrication methods for PSCs: (a) The one-step spin-coating 
(b) The two-step spin-coating (Im, Kim et al. 2014). 
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efficiency PSCs employed single-step and two-step spin-coating methods reported so far 
are manipulated in Table 2-1. 
In this dissertation, the author used the one-step spin-coating with the anti-solvent 
method for fabrication of PSCs inside the glovebox. The Cs-doped mixed cation perovskite 
solution with a molarity of 1.3M and final formula of Cs0.05FA0.7885MA0.1615PbI2.49Br0.51 
was usually used in this dissertation. The results are provided in Chapter 4.  
2.4.2. Two-Step Spin-Coating Method 
The two-step spin-coating method for fabrication of PSCs was first used by 
Burschka et al. (Burschka, Pellet et al. 2013). In this method, the PbI2 solution first 
deposited on mesoporous TiO2, then in the second step, a solution of MAI deposited on the 
sample either by dip it in MAI solution or by spin-coating. PSC devices show better 
performance by using this method of fabrication in ambient air conditions. Here, the author 
reviewed the most highly-efficient PSCs fabricated by using the two-step spin-coating 
method. Many researchers worked on solvent annealing of perovskite in the two-step spin-
coating method; However, Wang et al. focused on DMSO, DMF, acetone, and IPA solvent 
annealing of PbI2 (Zhang, Li et al. 2017). They found that the DMSO solvent annealing 
process for PbI2 improves the conversion process of PbI2 to perovskite, showing a 
maximum efficiency of 18.5% with a fill factor of 76.5% in a reverse voltage scan 
measurement (Zhang, Li et al. 2017). Ahn et al. introduced a highly reproducible perovskite 
preparation method via Lewis base adduct of PbI2 (Ahn, Son et al. 2015). The two-step 
spin-coating method followed by annealing at low temperature was used, and an average 
efficiency of 18.3% and a maximum efficiency of 19.71% were achieved (Ahn, Son et al. 
2015). In another work, Yang et al. introduced the intermolecular exchange method using 
two-step spin-coating for fabrication of FAPbI3 perovskite film in PSCs to have a complete 
conversion of PbI2 to perovskite, with a maximum efficiency of 20.2% (Yang, Noh et al. 
2015). Finally, maximum efficiency of 20.75% was reported by Yi et al. using a two-step 
spin-coating method by converting mesoporous PbX2 to perovskite from a solution of FAI, 
MABr, PbBr2, and PbI2 with DMSO:DMF as solvent (Yi, Li et al. 2016). 
In this dissertation, the author used two-step spin-coating method for deposition of 
perovskite layer in both ambient air conditions and glovebox. For devices in Chapter 3, the 
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PbI2 (99%, Sigma-Aldrich) with a concentration of 1M dissolved in N, N-
dimethylformamide at a concentration of 462 mg/ml (~1M) under stirring at 70℃. The 
solution was kept at 70 ℃ during the whole procedure. The mesoporous TiO2 films were 
then infiltrated with PbI2 by spin coating at ~7000 rpm for 40 sec. Then, samples were 
dried at 40 ℃ for 3 min and 100 ℃ for 5 min. After cooling to room temperature, a solution 
of CH3NH3I in isopropanol (usually 8 mg/ml) was dropped on the films and hold for 40 
sec. At this time, the samples changed in color from yellow to dark brown. Then spin-
coating started with a speed of 4000 rpm for 20 sec and then samples dried at 100℃ for 10 
min. The relative humidity was measured during fabrication and it was usually above 
~36%. 
2.5. Deposition of Hole Transport Layer 
The hole transport layer (HTL) was deposited by spin-coating a 70 mM solution of 
2,2’,7,7’-tetrakis-(N,N-di-p-methoxyphenylamine)9,9’-spirobifluorene (Spiro-OMeTAD) 
(purchased from Borun Chemicals Ltd, and Sigma Aldrich) in chlorobenzene 
(85.78mg/ml), with three additives to increase its conductivity. Spiro-OMeTAD is an 
organic p-type semiconductor that is usually mixed with other p-type dopants to improve 
its conductivity. It has a band gap of 2.95 eV while its HOMO and LUMO energy levels 
are located at -5 eV and -2.05 eV, respectively. Figure 2-3  shows the molecular structure 
of the spiro-OMeTAD. Three dopants were usually used to dope the spiro-OMeTAD: 4-
tert-butylpyridine (4TBP), FK209 Co (III), and Li-TFSI. Based on our experiments, 4-tert-
Table 2-1: High-efficiency PSCs fabricated with the single-step and the two-step spin-
coating methods. 
Spin-coating 
Method 
VOC 
[V] JSC [mA.cm-
2] FF [%] PCE [%] References. 
One-step 
1.12 22.5 75.7 19 (Jeon, Noh et al. 2015)               
1.092 22.42 79.6 19.09 (Roldan, Gratia 2015) 
1.16 24.6 73 20.8 (Bi, Tress et al. 2016) 
1.158 23.5 78.5 21.17 (Saliba, Matsui et al. 2016) 
1.14 23.7 78 21.6 (Bi, Yi et al. 2016) 
1.18 22.8 81 21.8 (Saliba, Matsui et al. 2016) 
Two-step 
1.057 22.86 76.5 18.5 (Zhang, Li et al. 2017) 
1.086 23.83 76.2 19.71 (Ahn, Son et al. 2015) 
1.06 24.7 77.5 20.2 (Yang, Noh et al. 2015) 
1.108 22.96 79.9 20.75 (Yi, Li et al. 2016) 
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butylpyridine also helps the Li-TFSI solution to dissolve into the HTM solution readily. 
Without 4-tert-butylpyridine, the Li-TFSI dopant cannot get dissolved into the solution of 
spiro-OMeTAD in Chlorobenzene. If we add Li-TFSI dopant into the spiro-OMeTAD 
solution before the 4-tert-butylpyridine, a milky in color solution with large undissolved 
particles will form. Thus, the author added 28.8uL of 4-tert-butylpyridine into the solution 
of spiro-OMeTAD in CBZ firstly. Then, 17.5uL from a solution of Li-TFSI in acetonitrile 
(520 mg/ml) was added to the HTM solution. At this step, the color of the solution is light 
yellow. Finally, 23uL of FK209 solution (150 mg/mL in acetonitrile) added to the HTM 
solution which changes the color of the whole solution into dark black upon addition. The 
molar ratio of dopants to the spiro-OMeTAD is 0.5, 0.03, and 3.3 for Li-TFSI, FK209, and 
4TBP, respectively. 
After annealing of perovskite layer, samples left in ambient air conditions and 
glovebox (depends on the environment) for a few minutes to cool down to the room 
Figure 2-3: Molecular structure of the hole-transporting 
material (spiro-OMeTAD). 
Figure 2-4: Top-view SEM images of HTM layer. (a) and (b) show the surface 
of the HTM layer without and with overnight oxidation in the air, respectively. 
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temperature. Then, 60 uL of HTM solution spin-coated on the samples at 1000 rpm for one 
second and 4500 rpm for 30 seconds. No annealing step used at this step. Devices were 
then left overnight in the air and glovebox for the Spiro-OMeTAD to dope via oxidation. 
It should be noted that the HTM layer must cover all surface of the perovskite. Otherwise, 
the humidity affects the perovskite layer during the oxidation process of spiro-OMeTAD 
in a dry box. If HTM solution could not cover the perovskite surface completely, then a 
swab wetted with DMF was used to remove the uncovered parts of the perovskite and to 
clean the edges of the substrate.  
2.6. Deposition of Back Contact Gold Layer 
In this dissertation, the author used three different physical vapor deposition 
methods to deposit ~80 nm Au on the surface of the HTM layer as back contact. These are 
RF sputtering, electron-beam evaporation, and thermal evaporation. Thus, in this part, a 
brief description of the process steps of each method is provided. Figure 2-5 shows the top-
view SEM images of the gold layer deposited with these three different methods. The RF 
sputtering, and e-beam evaporation provide a crack-free film. However, the film provided 
Figure 2-5: Top-view SEM images of the gold layer deposited by (a) rf sputtering 
at CeNSE (b) thermal evaporation at CeNSE and (c) electron beam evaporation at 
Strachan group at Department of Physics & Astronomy. 
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by thermal evaporation system suffers from cracks. These cracks affect the performance of 
the device which is discussed in section 2.6.3. 
2.6.1. RF Sputtering 
The RF sputtering was used for deposition of both c-TiO2 and gold layers for results 
provided in Chapter 3. We did not find any report on using RF sputtering for deposition of 
gold back contact in the PSCs, but there was no other option for us to deposit the gold 
layer. Therefore, in this dissertation, the gold layer is deposited by RF sputtering for all 
experiments provided in Chapter 3, which are regards the PSCs processed in ambient air 
conditions. This method was used to deposit both a dense layer of TiO2 with a thickness of 
40 to 75 nm and a thin layer of gold (80 nm) on the HTM as back contact. The TiO2 target 
with the purity of 99.99% was used. The distance between the target and samples was fixed 
to 10 cm. The process was performed in pure Argon gas with a flow meter of 15 sccm 
(standard cubic centimeter per minute). The film thickness adjusted by the sputtering time 
and monitored by the film-thickness meter which mounted on the substrate stage in the 
chamber. The chamber was pumped down for 75 min to get the pressure of 0.01 mTorr. A 
pre-deposition step of 3 min was used to clean the surface of the target. The sputtering 
process of compact TiO2 completed at the power of 150 W with a deposition rate of 0.7 
°A/sec at a working pressure of 4.1 mTorr. For deposition of gold, low power of 16 to 24 
W was used to have a deposition rate of 0.5 °A/sec at a pressure of 3.6 mTorr. The author 
used low power for deposition of the Au layer to first get a low deposition rate and secondly 
to not damage the bottom organic HTM layer. At high deposition rates, the bombardment 
of HTM layer with high-energized gold nanoparticles damages the HTM layer by 
penetration into it. In this case, the device will get shorted, and the performance of PSC 
deteriorate. It should be mentioned that high deposition rates which mean high power, can 
also damage the gold target significantly. Conversely, high power of 120-150 W was used 
for deposition of the TiO2 layer to get a rate of ~ 0.5-0.7 A/sec with excellent TiO2 adhesion 
on to the FTO substrate without any cracks in the film. 
2.6.2. Electron beam evaporation 
Electron beam (e-beam) evaporation was used by the author to deposit the gold 
back contact layer. In the mesostructured PSCs, the gold layer must be deposited on the 
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organic HTM layer. In this case, we need to take care of the temperature inside the chamber 
during deposition of the gold layer. If samples got high temperature during deposition of 
gold, both the HTM and the perovskite layers will damage, and the device will show short-
circuited performance. The samples usually get high temperature during deposition of the 
gold layer due to a short distance between the crucible and the substrates. Therefore, the 
author could not get decent results using the e-beam evaporation system at CeNSE at the 
University of Kentucky because it has a small chamber with a short distance (10 cm) 
between the crucible and the samples. Using this system, the samples were hot even after 
30 min after deposition of gold. Thus, with collaboration, the author could get access to the 
evaporation system in Strachan group at the Department of Physics and Astronomy at the 
University of Kentucky. This e-beam evaporator has a big chamber, and the distance 
between the crucibles and the samples is more than 50 cm. In this case, our samples did 
not get hot during deposition of gold, and the best results in this dissertation are with using 
this e-beam system. A top-view SEM image from the surface of the gold layer deposited 
with this method is provided in Figure 2-5 (c). This system has many advantages compared 
to the RF sputtering and thermal evaporation methods. With a long distance between the 
samples and crucible, samples do not get hot during evaporation. Also samples that were 
placed in different locations of the mask receive equal evaporation materials so they will 
Figure 2-6: Top-view SEM images of the gold layer deposited on different 
substrates. 
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have the same thickness. This system gives the option to deposit different materials without 
breaking the vacuum. For example, due to the existence of four different crucibles, we 
deposited a thin layer of silver before deposition of the gold layer without breaking the 
vacuum to improve contact between HTM and back contact. The author usually pumped 
down the system for 2.5 hours and a deposition rate of 0.7-1 A/sec was used for gold at a 
pressure of 4.5x10-6. The author used this system for fabrication of PSCs with cesium-
doped perovskite which the results are provided in Chapter 4.  
2.6.3. Thermal Evaporation 
The thermal evaporation is the most commonly used method for deposition of back 
contact in the PSCs. It is cheap, comfortable, and quick compared to the last PVD methods, 
at least in our case. In this method, the source material was heated to a high temperature at 
high vacuum so that the material can evaporate toward the substrates. The thermal 
evaporator at CeNSE at the University of Kentucky was down most of the time in the last 
four years, so we used the rf sputtering and the e-beam evaporator more often. Thus, in this 
Figure 2-7: Top-view SEM images of gold layer deposited by thermal evaporation. 
(a) Basket filament without cleaning and pre-heating (b) Basket filament with pre-
heating but no cleaning step (c) Straight filament with pre-heating but no cleaning 
step (d) Straight filament with pre-heating and cleaning 
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dissertation, the thermal evaporator was used for deposition of the gold layer for a part of 
the results that provided in Chapter 4. 
For a typical evaporation process, the samples and source material were carefully 
prepared and installed in the system. The distance from the filament to the crystal and the 
samples were carefully measured to calculate the tooling factor. The distance of the 
filament to the crystal sensor and samples was usually set to 13-15 cm. In this way, we 
make sure the samples will not get high temperature during evaporation. Then the chamber 
pumped down for at least 45 minutes to reach to a vacuum of about 1x10-5 mbar. The 
filament heated up by increasing the voltage to start the deposition process. A pre-
deposition of about 5-20 nm was used to clean the surface of source material and to make 
sure the deposition rate is stable. Then, 80 nm gold deposited at a low deposition rate of 
0.5-1 A/sec. Finally, after completion of the deposition process, we left samples inside the 
chamber for 5-15 min to cool down and not get stress upon quick exposure to the room 
temperature. The quick cooling of the samples may introduce cracks in the gold layer 
because the thermal expansion coefficient of the substrate and the gold are different.  
In this system, we used a basket filament made of Tungsten (W) to wound gold 
wires. However, we found that this filament consumes much gold and store them at the 
bottom of the basket make them unusable. Also, due to residues at the bottom of the basket, 
we could not get a crack-free gold layer with this system. Figure 2-6 shows the top-view 
SEM images of the gold layer that deposited on different substrates including glass, FTO, 
spiro-OMeTAD, and CuSCN. CuSCN is a cheap HTM that is considered as a replacement 
for spiro-OMeTAD in PSCs. The cracks are still available in the gold layer for all substrate. 
Thus, these cracks come from the process and materials itself, not the bottom layer. 
However, the gold layer shows cracks in the range of micrometer. The cracks get worse on 
the spiro-OMeTAD film. Finally, we used a straight coil filament for our recent 
experiments and finally could deposit the crack-free gold layer. Even for this case, we still 
needed to clean the filament thoroughly and perform a high-rate pre-deposition step. Thus, 
we concluded that the quality of the gold layer gets affected by the type and cleanness of 
the filament. The effect of film quality on the performance of PSCs is discussed in Chapter 
4. 
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Therefore, the straight filament was used to get crack-free gold films. In this case, 
the filament including gold wire was cleaned with acetone, IPA, and DI water thoroughly. 
Then, a one-minute pre-heating step was used before starting the deposition of gold. In this 
way, we get rid of any contaminations present on the filament. Therefore, with a suitable 
distance between samples and the filament, and a low deposition rate of 0.5-1 A/sec along 
with 10-15 min cooling down a step, we could make gold layers without cracks by using 
the thermal evaporator. Figure 2-7 shows the SEM images for the surface of the gold layer 
deposited by thermal evaporator using a basket and straight filaments. As we see here, the 
cracks are present in Figure 2-7 (a, b, and c). The crack-free film was only achieved when 
we consider all the parameters into account. In brief, to get a crack-free gold layer on the 
HTM layer, we suggest baking the filament at above 900 C for at least 10 min to remove 
the contaminations if it is the first use of a filament. Also, it is critical to clean the filament 
before use with acetone, IPA, and DI water, respectively. Moreover, the best crucible for 
deposition of gold by thermal evaporation is the alumina-coated crucibles because the gold 
is a refractory metal that can alloy with Tungsten in the regular basket filaments. However, 
here we used the straight filament made of Tungsten to get a crack-free gold layer. 
2.7. Current-Voltage Measurement 
In this dissertation, the author used the J-V measurement systems at the Electronic 
Devices Research (EDR) group at Department of Electrical Engineering and the Graham 
Research Lab at Department of Chemistry both at the University of Kentucky. All solar 
cells masked with a metal aperture which was used to define the active area of the devices.  
The J-V measurement in ambient air conditions was performed at EDR by applying 
an external voltage bias to the cell while recording the generated photocurrent with an 
Agilent 4155B source meter. All measurements were performed in forward bias scan 
direction unless otherwise mentioned. Forward scan means sweeping voltage from the 
short circuit current toward the open circuit voltage. Reverse scan measurement means 
sweeping voltage from open circuit voltage toward short circuit current. Illumination of the 
samples was made with a standard ScienceTech SS150 Solar Simulator. The ScienceTech 
SS150 solar simulator was calibrated to the AM1.5G standard with a standard light meter. 
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Thus, the results provided in Chapter 3 are measured at EDR group in ambient air 
conditions. 
Later, we found that the J-V measurement at EDR underestimates the real 
performance of PSCs, so the new J-V measurement system at Graham research lab was 
used. This system is placed inside the N2-filled glovebox. In this system, a SS150 solar 
simulator (Scientech) was calibrated to give simulated AM 1.5 sunlight at an irradiance of 
100 mW/cm2. The irradiance was calibrated using an NREL-calibrated KG5 filtered silicon 
reference cell. Current-voltage curves were recorded using a source meter (Keithley). Thus, 
the results provided in Chapter 4 were measured with this system. It should be noted that 
the samples were exposed to the air during transferring to the Graham lab for measurement. 
2.8. External Quantum Efficiency (EQE) 
External quantum efficiency (EQE) spectra were recorded using a custom-built 
system. The EQE measurements use a tungsten-halogen light source (ASBN-W, Spectral 
Products) coupled with a monochromator (Spectral Products), optical chopper (MC2000, 
Thorlabs), and edge-pass filters to illuminate the PV cell with monochromatic light. The 
photocurrent is converted to a voltage using a current-to-voltage amplifier before being fed 
into a lock-in amplifier (SR830, Stanford research systems). A silicon photodiode 
(FDS100, Thorlabs) was used for calibration, and the EQE spectrometer was controlled 
with a custom LabVIEW program. 
Figure 2-8: The cross-sectional images of a PSC provided by different SEM 
imaging methods. (a) Dual beam FIB-SEM by ion-milling and (b) Quanta 
250 SEM by cutting samples. 
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2.9. X-ray Diffraction (XRD) 
The X-ray diffraction (XRD) analysis on the thin films was performed to 
investigate the phases of the films, using a SIEMENS D-500 with Cu Kα, λ=1.540462°A 
radiation under operating conditions of 40 kV and 30 mA. A scanning rate of 0.01°/s was 
applied to record the patterns in the 2θ range of 10-70 degree. The crystalline size deduced 
from Debye Scherrer’s formula: 
0.9
cos
D λ
β θ
=
         2-1 
where λ is the wavelength of incident X-ray radiation (Cu Kα = 0.1540462nm), β is the 
full width at half maximum (FWHM), and θ is the Bragg’s diffraction angle corresponding 
to the related peak. For perovskites, the major peak is at 2θ=14.15°. The author used Origin 
9 software to calculate the FWHM for measured XRD data. Then, equation (2-1) was used 
to find the size of particles.  
2.10. Scanning Electron Microscopy (SEM) 
SEM is one of the most commonly used microscopy techniques in material 
structure analysis. In this dissertation, the author used both dual-beam focused ion beam 
(FIB) FEI Helios Nanolab 660 and Quanta 250 environmental scanning electron 
microscopy (ESEM) with energy dispersive spectroscopy (EDS/EDX). The FEI Helios 
Nanolab 660 used to measure the actual thickness of layers. To do it, the author used ion-
milling to take images from the cross-section of the cells. The Quanta 250 environmental 
SEM was also used to acquire the surface images of samples. Figure 2-8 shows the cross-
section of PSCs provided by these SEM systems.  
2.11. Four-Probe Measurement and Surface Profilometer 
The electrical resistivity of the compact TiO2 thin film measured using the four-
point probe method. Equation (2-2) was used to calculate the resistance of c-TiO2 layer 
using four-point probe measurement system. 
( ) 4.532( )
ln 2
V VR
d I I
ρ π
= = =
     2-2 
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d is the thickness of the layer. Also, the thickness of thin films was measured using a 
Dektak 150 surface Profilometer. 
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Chapter 3. PSCs Processed in Ambient Air Conditions 
To reduce the production cost of PSCs, it is preferable to entirely fabricate PSCs in 
ambient air conditions, such as preparing solutions, fabricating thin films, and even storing 
materials in air conditions regardless of their humidity sensitivity. There are many articles 
reported the fabrication of PSCs in ambient air conditions, but they have used the glovebox 
for the preparation of solutions and storage of the materials. In this chapter, all results are 
from devices processed in ambient air conditions. It means all steps of fabrication, 
including storage of materials and solvents, preparation of the solutions, deposition of 
moisture-sensitive layers, and the measurement of current-voltage characteristics were 
performed in ambient air conditions.  
3.1. Introduction 
It is essential to find a way to fabricate high-efficiency PSCs in ambient air 
conditions without the use of expensive environmentally-controlled systems to reduce the 
production cost of PSCs for commercialization. PSCs must show excellent stability at high 
efficiency for an extended period to be commercialized. The major problem with current 
PSCs is the device instability in a high-humidity environment. The perovskite layer 
consists of methylamine iodide (MAI), Formamidinium iodide (FAI) and other 
compounds. MAI and FAI are sensitive to the humidity, and thus the fabricated devices 
will be unstable in high-humidity environments. 
Xu et al. fabricated PSCs in ambient air conditions with an efficiency of 14.64% 
for annealed perovskite (Xu, Zhu et al. 2016). They showed that moisture could activate 
the reaction between PbI2 and MAI and, facilitate the complete conversion of PbI2 into 
perovskite. An annealing process was found to be an essential step to get efficiencies above 
12% for CH3NH3PbI3 and over 14% for CH3NH3PbI(3−x)Clx PSCs (Xu, Zhu et al. 2016). 
They suggested that moisture below 60% RH not be a problem for the fabrication of PSCs 
if the rapid annealing step is employed. Flowing gas on the perovskite layer during the 
spin-coating process is a method employed by Lei et al. for the fabrication of PSCs in 
ambient conditions (RH=42-48% (Lei, Eze et al. 2015). The maximum efficiency of 
16.32% (with an average efficiency of 14.27%) obtained by this method. This method 
shows good reproducibility with only 0.49% deviation. Finding a new material to 
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incorporate into perovskite was always a challenge. Tai et al. reported the use of lead 
thiocyanate (Pb(SCN)2) precursor for fabrication of PSCs in ambient air conditions with 
humidity as high as 70% (Tai, You et al. 2016). The average efficiency of 13.49% (with a 
maximum efficiency of above 15%) with excellent stability compared to the CH3NH3PbI3-
based PSCs was obtained (Tai, You et al. 2016). 
In another research on PSCs in ambient air condition, Eze et al. used DMSO as an 
anti-solvent to bathe the perovskite layer in the one-step spin-coating method (Eze and 
Mori 2016). This method efficiently extracts the DMF solvent from the precursor solution 
and makes a high-quality perovskite film with a large grain size (Eze and Mori 2016). It 
also improves the surface of the perovskite layer. The average efficiency of 15.20% with a 
maximum efficiency of 16.77% achieved using this method. Ko et al. fabricated PSCs with 
a maximum efficiency of 15.76% using the two-step spin-coating method in ambient air 
conditions with humidity below 50% (Ko, Lee et al. 2015). They found that the 
morphology of the PbI2 layer is very important in the two-step spin-coating method for the 
fabrication of high-efficiency PSCs. Thus, by pre-heating the FTO substrate to 60°C, PSCs 
show an average efficiency of 15.31%, however, it is 11.16% for PSCs without pre-heating 
the FTO substrate before deposition of the perovskite layer. The maximum efficiency of 
15.76% with a short-circuit current of 21.27 mA/cm2, an open-circuit voltage of 1.033 V, 
and a fill factor of 71.8% are reported (Ko, Lee et al. 2015). Table 3-1 summarizes some 
notable high-efficiency PSCs fabricated in ambient air conditions. 
3.2. Single Cation PSCs 
In this section, single cation perovskite MAPbI3 was used as the absorber layer in 
the PSC. The MAI material was purchased from Luminescence Technology. For a typical 
device, FTO glass substrate (Pilkington, TEC-15, 15 ohms per sq. cm) patterned by 
Table 3-1: High-efficiency PSCs fabricated in ambient air conditions. 
Fabrication 
Environment 
VOC 
[V] 
JSC 
[mA.cm-2] 
FF 
[%] 
PCE 
[%] References 
ambient air 
conditions 
1.031 19.51 73 14.64 (Xu, Zhu et al. 2016) 
0.956 21.1 75 15.12 (Tai, You et al. 2016) 
1.033 21.27 71.8 15.76 (Ko, Lee et al. 2015) 
1.01 21.80 74 16.32 (Lei, Eze et al. 2015) 
1.01 23.65 70.2 16.77 (Eze and Mori 2016) 
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photolithography followed by etching the substrate with zinc powder and hydrochloric acid 
to remove the region under the anode contact. Transmission of this FTO is more than 84%. 
Then, the patterned FTO glass was cleaned by sequentially washing with a detergent 
solution, acetone and isopropanol with sonication in an ultrasonic bath for 15 min each, 
rinsed with deionized water and dried by nitrogen followed by 5 min oxygen plasma 
etching to remove the last traces of organic residues right before proceeding to the next 
process. Thus, no Hellmanex solution and UV ozone treatment were used. 
The compact TiO2 blocking layer with a thickness of 30-60nm was deposited on 
the FTO glass by using the RF sputtering, which then the samples annealed at 450C in the 
air for an hour to crystalize. Subsequently, a 200 nm mesoporous TiO2 layer composed of 
30-nm-sized TiO2 particles was deposited using a commercial TiO2 paste (Dyesol 30 NR-
D) diluted in ethanol with a density of 0.135 mg/mL by spin coating at 3000 rpm for 30 
sec. After drying at 120℃ for five min, the samples were gradually annealed at 550℃ for 
one hour in an annealing chamber and cooled down to room temperature for further 
processing. After deposition of mp-TiO2, we proceeded to the next step quickly to prevent 
the samples from absorption of air moisture. Pores filled with moisture do not allow PbI2 
Figure 3-1: The processing steps for fabrication of PSCs in ambient air conditions. 
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to infiltrate into the mp-TiO2 completely. It leads to a decrease in the absorption of light 
due to incomplete formation of perovskite. PbI2 (99%, Sigma-Aldrich) was dissolved in N, 
N-dimethylformamide (DMF, 99.8%, Sigma-Aldrich) at a concentration of 462 mg/ml 
(1M) while stirring with the temperature at 70℃. The mesoporous TiO2 film was then 
infiltrated with 50 µl PbI2 solution by spin coating at 7000 rpm for 20 secs to form a yellow 
semi-transparent layer. Then, the samples were dried on the hotplate at 40℃ for 3 min and 
100℃ for 5 min, respectively. After cooling to room temperature, to convert the PbI2 layer 
to MAPbI3, a 300 µl of a solution of CH3NH3I in isopropanol (10mg/ml) was dispensed on 
top of the PbI2 layer with 45 s loading time followed by spin-coating at 4500 rpm for 20 s, 
which was dried at 100℃ for 10 min. During the first spin coating process, the color of the 
samples changed from yellow to dark brown, which confirms the formation of perovskite. 
Then, 80 µl of HTM solution was deposited on the MAPbI3 layer by spin coating at 4000 
rpm for 30 sec. The HTM solution was prepared in ambient air conditions by mixing of 
72.3 mg spiro-OMeTAD in 1 ml chlorobenzene, 28.8 µl 4-tert-butylpyridine, and 17.5 µl 
solution of FK209 in acetonitrile (500 mg/ml). In this work, the HTM solution does not 
have Li-TFSI dopant. Finally, 80 nm of gold was deposited on top of the device using RF 
sputtering to form the back contact. The active area of the device is defined by the overlap 
of patterned FTO and gold contact utilizing a shadow mask. Figure 3-1 shows the 
processing steps for the fabrication of PSCs n ambient air conditions. 
3.2.1. PSCs with HTM Solution Excluding Li-TFSI 
This section reproduced from the paper entitled as “Photovoltaic performance of 
lead-iodide perovskite solar cells fabricated under ambient air conditions with HTM 
solution excluding Li-TFSI” which is published at IEEE Journal of Photovoltaics. Most 
papers that claimed fabrication of perovskite solar cells in ambient air conditions stored 
their materials in a glovebox. The originality of this work includes storing materials, 
preparing solutions, and fabricating moisture sensitive layers (perovskite and HTM layers) 
all in ambient air conditions. Also, the main point of novelty is to avoid the use of moisture 
sensitive HTM-dopant material, i.e., Li-TFSI in the preparation of HTM solution. Thus, in 
this work, the author studied the performance of PSCs fabricated in ambient air conditions 
without using Li-TFSI in HTM solutions. It means we have stored the materials, prepared 
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the solutions, and fabricated the devices all in ambient air conditions. The spin-coating 
speed for deposition of the HTM layer, HTM solution preparation, the effect of HTM 
exposure to air and light, and the effect of repetitive measurement of cells are investigated. 
We found that the exposure of PSCs to air and light improves the device performance due 
to the increased conductivity in HTL caused by the oxidation of Spiro-MeOTAD. These 
results are essential towards the fabrication of low-cost, high-efficiency perovskite solar 
cells in ambient air conditions. 
Organic-inorganic lead halide PSCs have attracted a great deal of interest because 
of their potential low cost and high efficiency. However, in most publications, solar cells 
were fabricated in a highly controlled environment (gloveboxes). It is suggested to 
fabricate PSCs in ambient air conditions to reduce the production cost. However, some of 
the materials are sensitive to the humidity of ambient air conditions. Li-TFSI is one of these 
materials that usually used as a dopant in hole-conductor solutions. Lithium 
bis(trifluoromethanesulfonyl)-imide (Li-TFSI) - which is used as a dopant in hole-
conductor solutions in PSCs - is one of the humidity-sensitive materials. Li-TFSI has been 
used as a lithium salt in water-in-salt electrolytes due to its high solubility in water  (Suo, 
Borodin et al. 2015). Also, Correa-Baena et al. recently reported the fabrication of high 
open-circuit voltage PSCs (Voc >1.2V) by reducing the concentration of Li-TFSI in the 
HTM solution (Correa-Baena, Tress et al. 2017). Thus, in this part, we carried out extensive 
studies of process parameters of PSCs fully fabricated in ambient air conditions with HTM 
solution excluding Li-TFSI. It means that we have stored the materials and solvents, 
Figure 3-2: (a) Evolution of Li-TFSI left in ambient air conditions with humidity 
above ~36%. (b) Evolution of FK209 left in ambient air conditions with humidity 
above ~36%. 
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prepared the solutions, and fabricated the devices all in ambient air conditions with 
humidity of above ~36%. 
All materials and solvents were purchased from Sigma-Aldrich, unless otherwise 
specified, and they were used as received. Methylammonium iodide (CH3NH3I) and cobalt 
(III) complextris [2-((1H-pyrazol-1-yl)-4-tert-butylpyridine) cobalt (III)tris (bis(trifluoro 
methyl sulfonyl)imide)] (FK209) salt were purchased from Luminescence Technology. 
Spiro-OMeTAD (Purity, 99.7%) was purchased from Borun New Material Technology. 
All materials were stored in ambient air conditions in the lab room. Also, all solutions 
prepared in ambient air conditions. The device fabrication was carried out in ambient air 
conditions with humidity levels higher than 38% using the two-step spin-coating method 
(Burschka, Pellet et al. 2013, Yin, Cao et al. 2015). The detail of fabrication methods is 
provided in Chapter 2. It should be noted that after deposition of mp-TiO2, we proceeded 
to the next step quickly to prevent samples from absorption of air moisture. Pores filled 
with moisture do not allow PbI2 to infiltrate into the mp-TiO2 completely. It leads to a 
decrease in the absorption of light due to incomplete formation of perovskite. The XRD 
Figure 3-3: (a) Cross-sectional FIB-SEM image of the perovskite solar cell. (b, c, and 
d) XRD patterns of the annealed sputtered c-TiO2, spin-coated mp-TiO2, and meso-
MAPbI3 coated on FTO substrate, respectively. 
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analysis of the thin films was performed to investigate the phases of the films. J-V 
characteristic curves were recorded under ambient air conditions. All measurements were 
performed in forward bias scan (from short circuit current to open circuit voltage) unless 
otherwise mentioned. 
A cross-sectional SEM image of the sample device illustrated in Figure 3-3 (a). The 
thickness of layers for the typical device are as follows: c-TiO2 (~80 nm), mp-perovskite 
(~220 nm), perovskite cap layer (~200), HTM layer (~165 nm), and gold with ~80nm 
according to the FIB-SEM cross-section measurement. The surface of the perovskite layer 
is smooth, provides a flat substrate for deposition of HTM layer. In this way, we do not get 
direct contact between gold and perovskite layers which deteriorate the fill factor and the 
overall device performance. 
The c-TiO2 prevents holes located in the valence band to reach into the electrons in 
the conduction band. However, a thin c-TiO2 layer (<30 nm) cannot block holes effectively 
to avoid contact with the FTO electrode. Thus, the low-thickness c-TiO2 layer is not able 
to stop the recombination between electron and electrons. Also, the open circuit voltage 
decreases upon recombination of carriers. The Fabrication of a pinhole-free HBL TiO2 is 
a crucial step for fabrication of PSCs because pinholes in the c-TiO2 layer provide a direct 
pass-way for generated holes inside the perovskite layer to reach the FTO electrode. Thus, 
pinholes increase the probability of electron-hole recombination, decrease the short-circuit 
current and fill factor. Finally, the overall performance of the PSC impeded. Also, it proved 
that anatase TiO2 has an electron diffusion length ten times longer than that of the rutile 
phase, so it is essential to make a pinhole-free anatase-phase c-TiO2 layer in PSCs. Also, 
the anatase TiO2 with a band gap of 3.2 eV shows better photocatalyst properties compared 
to the rutile phase with a smaller band gap of 3 eV (Fox and Dulay 1993, Sclafani and 
Herrmann 1996). Rutile phase has larger grain size compared to the anatase phase which 
increases the rate of electron-hole recombination in rutile. Anatase TiO2 also has higher 
electron affinity which is detrimental for VOC.  
The XRD pattern of c-TiO2, mp-TiO2, and meso-MAPbI3 layers coated on the FTO 
substrate are shown in Figure 3-3 (b, c, and d), respectively. Peaks of anatase phase at 
2θ=25° (101) detected for both c-TiO2 and mp-TiO2 layers in Figure 3-3 (b) and (c), 
respectively. The primary diffraction peaks centered at 2θ=14.1° (110) and 28.5° (220) in 
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Figure 3-3 (d) can be assigned to the MAPbI3 phase, and the peak centered at 12.7° 
attributed to the PbI2 (Yin, Cao et al. 2015). We observe centered at 12.7° attributed to the 
PbI2 (Yin, Cao et al. 2015). We find an unreacted PbI2 remnant, which means the 
conversion of PbI2 to perovskite on exposure to the MAI solution is incomplete. However, 
a small amount of unreacted PbI2 may be beneficial according to the other reports 
(Burschka, Pellet et al. 2013, Cao, Stoumpos et al. 2014). Li-TFSI is overly sensitive to 
moisture in the air. However, FK209 is stable in high humid conditions. Here, we have 
monitored the evolution of Li-TFSI and FK209 in ambient air conditions as shown in 
Figure 3-2 (a) and (b), respectively. We see that the white powder Li-TFSI changes to clear 
liquid quickly by absorbing the H2O in the air. Now, we investigate the performance 
characteristics of PSCs employing Li-TFSI-free HTM solution in ambient air conditions. 
The current-voltage curves measured for the PSCs with different mp-TiO2 spin-coating 
speed provided in Figure 3-4. For low spin speed deposition of mp-TiO2, the thickness of 
the deposited layer is much higher than that for high spin speed one which results in less 
chance for electron-hole recombination between HTM and TiO2. Therefore, better fill 
factor obtained for devices with the thicker mp-TiO2 layer. Also, according to the SEM 
image Figure 3-3 (a), the contact between c-TiO2 and mp-TiO2 for low spin speed 
deposition is not as good as that in high spin speed one. The lousy connection decreases 
the electron collection rate from perovskite to the FTO which results in the low current 
Figure 3-4: The J-V curves measured for the PSCs with 
different mp-TiO2 spin-coating speed. 
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density. However, with high spin speed deposition, the quality of contact between c- TiO2 
and mp-TiO2 improved but the lesser thickness of the mp-TiO2 layer increases the chance 
of recombination through pinholes and reduces the fill factor of the device. 
Figure 3-5 shows the J-V curves for samples with PbI2 spin-coating speeds of 7000 
and 3000 rpm. In the case of low spin speed, the thickness of the deposited layer is high 
(~350 nm) with turbid (cloudy) yellowish color. However, the PbI2 layer is transparent 
yellow with the thickness of 150 nm at a speed of 7000 rpm for 20 seconds that results in 
higher JSC. We usually perform the annealing of mp-TiO2 right before deposition of 
perovskite layer to get rid of moisture and pollutants absorbed by mp-TiO2. Therefore, after 
annealing at 525°C, samples get cool down in the room. Then we tape the samples to cover 
the FTO part for electrode contact. During this step which will take at least one hour, the 
samples may again absorb moisture. One way to minimize it is to this step as quickly as 
possible to not let samples to absorb humidity and air pollutant in the room. In this way, 
we deposit the next layer, i.e., the PbI2 thin film in two-step spin-coating method in ambient 
air conditions.  
The thickness of HTM is critical for high-performance PSCs and it controlled by 
the spin-coating speed. From Figure 3-6, the optimal spin speed is 4000 rpm for 30 sec 
spinning time that forms a layer of HTM with a thickness of ~165 nm. In samples with low 
spin speeds (high HTM thickness), the holes cannot transport to the gold contact 
Figure 3-5: The J-V curves for the perovskite solar cells with 
different PbI2 spin-coating speed. 
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effectively, thus the extracted current decreases. On the other hand, at high spin speeds 
with low HTM thicknesses, Jsc is still high. However, Voc decreases more. The reason for 
that may be due to the increase of interface recombination at perovskite/HTM interface 
which causes the generated electrons in the absorber layer to recombine with holes in the 
cathode leads to decrease in Voc. Gold can also enter the low thickness organic HTM layer, 
especially in the RF sputtering method, and reach the absorber layer to increase the 
electron-hole recombination. 
The J-V curves for the PSCs with different HTM solution preparation times are 
provided in Figure 3-7 (a).  According to this result, it is essential to prepare the HTM 
solution a day before the fabrication process to let spiro-OMeTAD to oxidize in air, to 
improve its conductivity when we avoid using Li-TFSI as a dopant in the HTM solution. 
It is shown that conductivity and mobility of spiro-OMeTAD film significantly improve 
upon oxidation during exposure to air in ambient air conditions (Hawash, Ono et al. 2016). 
We are provided the J-V curves for both samples left in the vacuum (no oxidation) and 
ambient air conditions in Figure 3-7 (b). Samples which left for 18 hours in ambient air 
conditions show higher Jsc, Voc, and FF compared to those left in the vacuum. It can be 
attributed to the spiro-OMeTAD oxidation which increases the conductivity of film and 
boosts the transport process of holes toward gold contact (Wang, Yuan et al. 2015, Hawash, 
Figure 3-6: The J-V curve for the devices with HTM layer deposited by different 
spin-coating speed. 
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Ono et al. 2016). It should be mentioned that the FK209 molecules inside the HTM layer 
facilitate the generation of oxidized spiro-OMeTAD radical cation and improve the hole 
mobility of spiro-OMeTAD (Xi, Tang et al. 2017). Also, cobalt‐dopants in FK209 generate 
additional charge carriers for spiro‐MeOTAD leading to increased conductivity (Noh, Jeon 
et al. 2013). 
It should be noted that neutral spiro-MeOTAD absorbs light in the UV region of 
the spectrum, while its oxidized forms exhibit strong absorptions throughout the visible 
and near-infrared ranges (Fantacci, De Angelis et al. 2011). Moreover, several studies 
indicate that the conductivity enhanced by increasing the oxidized species of spiro-
OMeTAD (spiro-OMeTAD+ cations) by doping with Co(III) complexes (Burschka, 
Dualeh et al. 2011, Burschka, Kessler et al. 2013, Noh, Jeon et al. 2013, Koh, Dharani et 
al. 2014, Ye, Zhou et al. 2016). Therefore, we added FK209 with higher density to the 
solution as a p-type dopant to increase the conductivity of the final HTM layer to 
compensate for the lack of Li-TFSI as a p-dopant. Also, the addition of FK209 to spiro-
OMeTAD could effectively enhance the open-circuit voltage (Voc) because of the reduced 
carrier recombination and lower Fermi level of HTM (Noh, Jeon et al. 2013). Burschka et 
al. showed the changes in the UV−vis absorption spectrum of a spiro-MeOTAD solution 
in chlorobenzene upon the gradual addition of FK209 (Burschka, Kessler et al. 2013). Also, 
Onozawa et al. showed that the conductivity of HTM increases from 5x10-5 S cm-1 for 
undoped spiro-OMeTAD to 1x10-4 S cm-1 upon adding FK209 to spiro-OMeTAD 
Figure 3-7: (a) The J-V curve for the PSCs with HTM layer deposited from solutions 
that prepared in different ways. (b) The J-V curves for PSCs that exposed to the 
ambient air conditions for oxidation of spiro-OMeTAD vs. those stored in the vacuum 
with spiro-OMeTAD oxidation. 
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(Onozawa-Komatsuzaki, Funaki et al. 2017). Also, Hawash et al. measured the 
conductivity of spiro-OMeTAD in a different environmental condition such as in Air (the 
same as results presented here), H2O, and O2 as shown in Figure 3-9 (a), (b), and (c), 
respectively (Hawash, Ono et al. 2016). Figure 3-9 (d) shows that the conductivity of spiro-
OMeTAD significantly improves upon 24h exposure to the air compared to that of undoped 
spiro-OMeTAD. We have also investigated the performance of the device for cells exposed 
Figure 3-8: The J-V curves for the PSCs illuminated by room soft white light and in the 
dark during spiro-OMeTAD oxidation in ambient air conditions. (b) The J-V curves for 
the devices with repeated J-V scan measurement tests in ambient air conditions. 
Figure 3-9: Enhanced conductivity of spiro-OMeTAD upon exposure to Air, 
H2O, and O2 (Hawash, Ono et al. 2016). 
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to the light and the dark condition during HTM oxidation. To do this, we left samples under 
fluorescent light and in dark conditions in ambient air conditions during HTM oxidation 
for about 18 hours. The results provided in Figure 3-8 (a) show the importance of leaving 
samples under light during HTM oxidation overnight. The main improvement is regarding 
FF for samples that left under light condition. We attribute this improvement to the more 
generation of oxidized spiro-OMeTAD cations during light illumination (Cappel, Daeneke 
et al. 2012, Wang, Xu et al. 2013, Sanchez and Mas-Marza 2016). In Figure 3-8 (a), light 
helps in generation of oxidized spiro-OMeTAD. So, more oxidized spiro-OMeTAD means 
higher conductivity. Thus, compared to the dark condition with no generation of oxidized 
spiro-OMeTAD, samples under the light show higher conductivity of HTM layer and better 
fill factor. The light improves the oxidation of spiro-OMeTAD in the same way as FK209 
does. Thus, the conductivity of spiro-OMeTAD increases upon better oxidation. We know 
that neutral spiro-OMeTAD absorbs the light in the UV region of the spectrum (∼390 nm), 
its oxidized forms present strong absorptions throughout the visible range (∼500 nm), 
extending into the near-infrared (NIR; ∼700-900 nm) (Fantacci, De Angelis et al. 2011). 
Thus, for this plot, light helps in generation of oxidized spiro-OMeTAD, which itself 
increases the conductivity of spiro-OMeTAD. According to the reference (Sanchez and 
Mas-Marza 2016), there is no generation of oxidized spiro-OMeTAD under the dark 
condition. However, the formation of spiro+ (oxidized form of spiro-OMeTAD) promoted 
Figure 3-10: The J-V curve for the best performing device measured with a scan-
rate of 20 mV s-1. 
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when the sample exposed to the light. Also, a few other manuscripts reported the effect of 
light on the oxidation of the spiro-OMeTAD (Cappel, Daeneke et al. 2012, Wang, Xu et 
al. 2013).  
We can also see the impact of light-treatment during the measurement of cells as 
shown in Figure 3-8 (b). When we do more measurement tests while the cells are under the 
solar spectrum, the FF improves. The initial illumination treatment of samples improves 
the fill factor and subsequently the PCE. We attribute this to the increase of oxidized spiro-
OMeTAD cations through photo-oxidation process (Yang, Xu et al. 2013, Sanchez and 
Mas-Marza 2016). 
Figure 3-10 shows the J–V measurements under AM1.5G (100 mW cm-2) 
irradiation for the champion device fabricated in ambient air conditions with relative 
humidity above 36%. It shows a short-circuit current density of 18.705 mA/cm2, open 
circuit voltage of 1014 mV, and a fill factor of 68.5 %, yielding a PCE of 12.99%. 
We also investigated how to convert the PbI2 into the perovskite entirely by using 
XRD analysis. Figure 3-11 shows the XRD spectra for perovskite films deposited 
differently. It should be noted we used the anti-solvent method in this case. According to 
this XRD data, the loading time and the density of MAI solution will not improve the 
conversion of PbI2 into perovskite, and there is still a peak of PbI2 at 2θ=12.75° 
Figure 3-11: The XRD spectra for perovskite films deposited with 
different techniques. 
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corresponding to the incomplete conversion of PbI2 to perovskite in curves number one to 
five. However, if we repeat the whole step of exposure of the sample to the MAI solution 
including 10 min annealing at 100°C, then all PbI2 film will convert into the perovskite as 
shown in curve 5 in Figure 3-11. In this case, we first deposit the perovskite layer (PSK1) 
including 90 sec loading with a solution of 10 mg/mL followed by annealing at 100°C for 
10 min. Then, after cooling down, we repeat this step to convert the remnant PbI2 from the 
last step to the perovskite and get full conversion. The new perovskite film named as PSK2 
which has higher perovskite peak intensity at 2θ=14.15° and no peak at 2θ=12.7° 
confirming no PbI2 residue. Figure 3-12 shows the J-V curves of two batch of samples 
named A and B. We have fabricated batches a and B in two different rounds with the same 
method and materials. Then, we divided the number of samples into two groups for rf 
sputtering and e-beam evaporation. So, we have samples with e-beam evaporation for back 
contact from each batch. However, the result shows that the samples in each batch with e-
beam evaporation of gold contact have low PCE compared to the others with rf sputtering. 
The primary cause of PCE reduction is the fill factor and then JSC. We have used the e-
beam evaporator at CeNSE which has a small chamber. The distance between the crucible 
and the samples is below 10 cm. We found that the mask containing samples is always hot 
Figure 3-12: The J-V curves measured for the PSCs with back-contact 
deposited by rf sputtering and e-beam evaporation. 
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even after 30 min of deposition because the chamber is small and hot. Thus, we concluded 
that the heat inside the chamber damaged both the organic HTM and the perovskite 
absorber layer and affected both the fill factor and the JSC of the PSC. 
3.2.2. Evolution Characteristic of PSCs 
It is critical to study the evolution of PSCs when they exposed to different 
environmental conditions to find a way to improve their stability for commercialization. 
There are some excellent works on the stability of PSCs. For example, Yin et al. optimized 
the thickness of the mesoporous TiO2 layer and showed that the PSCs could maintain over 
85% of their initial PCE value after 100 days in the air (Yin, Cao et al. 2015). Liu et al. 
introduced a pristine HTM layer without using Li-TFSI and tert-butylpyridine. The 
stability of their devices in the air improved two times (Liu, Wu et al. 2014). As another 
example, Baohua Wang et al. fabricated perovskite films using a modified chemical vapor 
transport approach, and the devices showed stable characteristics for 100 days in the air 
(Wang and Chen 2016). 
In this part, we studied the aging of PSCs stored in ambient air conditions and 
vacuum. The PSCs under study in this part was fabricated using the two-step spin-coating 
method in ambient air conditions without using glovebox in any step. Based on our 
experiments, the storage of PSCs in vacuum plays a critical role in the stability of PSCs. 
However, the performance of PSCs stored in ambient air conditions degrades over time. 
Figure 3-13 shows the normalized value of PCE, JSC, VOC, and FF for PSCs stored in 
ambient air conditions and vacuum. 
Our experiments show that the JSC has excellent stability in a month for samples 
were stored in the vacuum. However, the current drops for samples stored in ambient air 
conditions significantly. The photocurrent density of PSCs is affected by the absorbing 
layer, i.e., the perovskite layer. According to the literature, the MAPBI3 perovskite readily 
decomposes into the MAI and PbI2 upon exposure to the humidity (Niu, Li et al. 2014, 
Yang, Siempelkamp et al. 2015, Shahbazi and Wang 2016). Thus, the degradation of JSC 
is due to the decomposition of MAPbI3 because of reaction with the H2O (Han, Meyer et 
al. 2015). According to the Figure 3-13, both ambient air conditions and the vacuum has 
little effect on the VOC. Both environments improve the VOC for the first few days, but then 
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they converge and become stable so that the difference of VOC for both environments 
become minimal after three weeks. Wang et al. also reported the increase of VOC of PSCs 
that were stored for 30 days in ambient air conditions (Wang and Chen 2016). 
The fill factor of PSCs depends on the charge transport properties of the HTM layer 
(Abate, Leijtens et al. 2013, Sheikh, Bera et al. 2015). Based on our experiments, oxidation 
of spiro-OMeTAD in ambient air conditions improves the conductivity of the HTM layer 
and thus enhances the charge transfer at the spiro-OMeTAD/Au interface. Therefore, as 
we see in Figure 3-13, the FF of PSCs stored in ambient air conditions significantly 
improved due to oxidation and conductivity enhancement. In our devices, samples reached 
their maximum FF after five-six days, because the oxidation of spiro-OMeTAD is a 
dynamic and time-consuming process (Sheikh, Bera et al. 2015). In contrast, samples that 
stored in vacuum got a little improvement at the beginning, which may be due to exposure 
of samples to oxygen during transferring into the vacuum chamber. However, due to the 
lack of oxygen in the vacuum chamber, the improvement of FF is much less than that in 
ambient air conditions. 
The PCE of devices determined by the JSC, VOC, and FF. Therefore, we see a 
significant increase in the PCE of samples that stored in ambient air conditions, which is 
due to the improvement of the FF resulted from oxidation of the HTM layer upon exposure 
Figure 3-13: Evolution characteristic of PSCs stored in air and vacuum, 
respectively. JSC, VOC, FF, and PCE are normalized. 
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to the humidity. The same trend with lower intensity is observable for samples that stored 
in the vacuum. Then, the PCE of air-stored PSCs began to decrease, but the vacuum stored 
PSCs show a stable PCE at a certain level. This PCE reduction of air-stored samples is due 
to the decrement of their JSC resulted from perovskite decomposition. In brief, the PSCs 
stored in the vacuum exhibit lower degradation rate compared to the air-stored PSCs. Here, 
the author concludes that samples need at least more than twelve hours oxidation in a dry 
air box to improve the conductivity of HTM layer while storing PSCs in a vacuum (or N2-
filled glovebox, or an environment to prevent moisture exposure) for the rest of their life. 
Therefore, the present findings will help storage and stability evolution of PSCs. We 
believe that the performance can be further improved with precise control of moisture and 
oxygen. 
3.3. Mixed Cation PSCs 
The electron diffusion length in MAPbI3 (~130 nm) is 1.4 times longer than the 
hole diffusion length (~90 nm) (Xing, Mathews et al. 2013). However, the hole diffusion 
length of FAPbI3 (~813 nm) is 46 times longer than the electron diffusion length (~177 
nm) (Eperon, Stranks et al. 2014). In this case, with an absorption layer of more than 500 
nm, it is meaningful to have high diffusion length for both electrons and holes. It can be 
achieved by mixing MAPbI3 and FAPbI3 perovskites.  Also, FAPbI3 is unstable, but 
MAPbBr3 with a band gap of 2.23 eV has stable perovskite phases. As we discussed in 
section 2.2, holes need to transfer longer distances compared to the electrons because most 
of the electron-hole pairs are generated in a region close to the TiO2/perovskite interface, 
and less are generated close to the perovskite/HTM interface  In addition, the replacement 
of Iodide by Bromide in perovskite improves the stability of perovskite film (Jeon, Noh et 
al. 2015). Therefore, the mixed perovskite with a suitable band gap can be achieved by 
combining these perovskites with a specific molar ratio of 0.015/0.85 (MAPbBr3:FAPbI3) 
to get a final band gap of 1.592 eV as follows: 
Eg (MA0.15FA0.85Pb (I0.85Br0.15)3) =0.85(Eg_FAPbI3) +0.15(Eg_MAPbBr3) =0.85(1.48) 
+0.15(2.23) =1.5925eV       3-1 
Jacobsson et al. proposed a formula for calculation of the band gap in mixed cation 
perovskites as follows (Jacobsson, Correa-Baena et al. 2016): 
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Eg(x,y) = 1.58 + 0.436x – 0.0580y + 0.294x2 + 0.0199xy  3-2 
where x = [Br] / ([Br] + [I]) and y = [FA] / ([FA] + [MA]). Using this equation, one can 
get a band gap of 1.60 eV for MA0.15FA0.85Pb (I0.85Br0.15)3. 
In this part, the PSCs contain a mixed cation perovskite film that was deposited 
using two-step spin-coating method in ambient air conditions. The idea behind was to 
provide a porous structure named as the PbX2 film (PbX2 is a mix of PbI2 and PbBr2 with 
a molar ratio of 85:15) in a mixed solvent of DMF/DMSO (80/20 volume ratio) at the first 
step, and then convert it to the perovskite at the second spin-coating step (Yi, Li et al. 
2016). Thus, the PbX2 film prepared by spin-coating at 1000 rpm for 10 sec and 6000 rpm 
for 30 secs from a solution of 1.2M PbX2. After annealing and cooling samples, the PbX2 
films exposed to 0.1M FAI and MABr (85:15 molar ratio) solution in isopropanol for 45-
90 sec followed by spin-coating at 5000 rpm for 20 sec and annealing at 100 °C for 10 min 
(Yi, Li et al. 2016). In this method, the change of color in the perovskite film must occur 
quickly confirming there is a pores structure of PbX2. If the color change did not occur 
quickly, it means there are not enough pores inside the PbX2 layer for penetration of the 
MAI/FAI solution into PbX2. The DMSO in mixed DMF:DMSO solvent is responsible for 
Figure 3-14: The XRD spectra for PbX2 films annealed at different temperature. 
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making pores structure. However, a pure DMF solvent provides a dense perovskite film. 
The pores form during annealing process when the solvent evaporates from the perovskite 
surface. In this case, with a dense PbX2 layer, it will be difficult for MAI/FAI solution to 
penetrate deeply into the PbX2 layer and convert it entirely to the perovskite. Thus, when 
we use a pure or high volume of DMF versus DMSO, we will get the unreacted PbI2 
residue. We performed this method in ambient air conditions compared to the Yi et al (Yi, 
Li et al. 2016) that used glovebox for deposition of perovskite film. As we know, the 
humidity affects the perovskite materials especially solutions containing FAI and iodide. 
Thus, here we studied the effect of annealing temperature and repeated spin-coating 
method on the conversion of the PbX2 film into the perovskite. 
Perovskite with the final formula of MA0.15FA0.85Pb I2.55Br0.45 was used in this part. 
Figure 3-14 shows the XRD spectra of PbX2 film from two-step spin-coating of mixed 
cation perovskites in ambient air conditions. We need an annealing step for the PbX2 film 
to dry it and make a pores structure film for better conversion to the perovskite in next step. 
According to these data, both annealing temperature and drying with nitrogen are effective 
in crystallization of the PbX2 film, providing peaks with higher intensity and reduced 
FWHM. According to the Scherrer equation, the lower FWHM means that PbX2 particles 
Figure 3-15: The XRD spectra for perovskite films fabricated with different techniques.  
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are larger than those in the samples with high FWHM which usually results from no N2 
drying and no high-temperature annealing. However, the question is that whether having a 
high-intensity peak for PbX2 is helpful for full conversion of film to the perovskite or not. 
To find the answer, we provided Figure 3-15 that shows the XRD data for the same samples 
after exposure to the perovskite solution followed by annealing. First, samples with 110°C 
annealing of PbX2 has a high peak at 2θ=12.75°. Thus, the conversion process was 
unsuccessful. If we use a lower temperature for PbX2 annealing, i.e., 70°C, then we need 
to repeat the second step of spin-coating up to three times to have full conversion. Also, 
drying PbX2 films with N2 makes the conversion process difficult by not allowing the 
solvent to evaporate from the film. Finally, full conversion can be achieved by not drying 
with N2 and annealing PbX2 at low temperature followed by repeating the second step of 
spin-coating. 
3.4. Conclusion 
We have fabricated MAPbI3 PSCs by using RF sputtering for deposition of the 
compact TiO2 layer and employing the two-step method for fabrication of the perovskite 
layer in ambient air conditions. We avoided using the Li-TFSI material in the preparation 
of the HTM solution because it is highly sensitive to the moisture. We carried out extensive 
studies of process variables such as spin-coating speed, HTM solution preparation, air and 
light exposure of samples during oxidation, and so forth on the performance of perovskite 
solar cells with Li-TFSI-free HTM solution. We found that the exposure of samples to air 
and light are both crucial for fabrication of solar cells with higher current densities and 
better fill factors. We also compared the evolution characteristics of PSCs in air and 
vacuum environments. Each performance parameter of air-stored samples shows a drastic 
change compared with that of the vacuum-stored samples. Moisture and oxygen in air are 
found to influence the PSCs performances together. HTM material needs to be oxidized to 
improve the conductivity, which reduces the series resistance and improves the fill factor. 
Perovskite decomposes easily once it contacts with moisture in the air, leading to the 
decrease of Jsc. Therefore, the present findings will help storage and stability evolution of 
perovskite solar cells. We believe that the performance can be further improved with 
precise control of moisture and oxygen. 
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Chapter 4. PSCs Processed in N2-filled Glovebox 
High-efficiency PSCs were usually fabricated in the environmentally controlled, 
N2-filled glovebox system. In these systems, humidity is less than one parts per million 
(ppm). Thus, the perovskite films will not get affected by the moisture. In this chapter, the 
author provided the results for experiments that were performed in an N2-filled glovebox. 
In this dissertation, a one user two-handed N2-filled MBraun glovebox with a pressure 
varying between three to six mbar was used for fabrication of PSCs. In contrast to Chapter 
3, the author used FTO coated glass (Pilkington, 8 Ω.cm-2) as the substrate in this chapter. 
This substrate provides high conductivity with transmission above 76%. It is an excellent 
choice for applications where low series resistance is required. It must be noted that the 
surface roughness of TEC 8 is not as good as TEC 15, so it must be considered for 
applications that the first thin film needs to be thin (like in planar PSCs which requires 30-
60 nm HBL, i.e., TiO2). Also, for the cleaning procedure, the substrates were sonicated in 
3% Hellmanex III detergent, acetone, and isopropanol for 15 mi each. Another difference 
is that the thin TiO2 film with a thickness of 40-70 nm was usually spray deposited on FTO 
glass substrate unless otherwise mentioned. Finally, a thermal evaporator and a big 
chamber e-beam evaporator were used for deposition of gold and silver as the back contact. 
All J-V measurements were performed using the measurement system placed inside a 
glovebox in Graham lab. The J-V curves are provided from reverse scan direction unless 
otherwise mentioned. The results provided in this chapter are submitted in two different 
manuscripts for publication in the scientific journals. 
4.1. Introduction 
PSCs have recently demonstrated the PCEs to be larger than most organic solar 
cells and comparable to those of commercialized silicon solar cells and other technologies 
based on inorganic semiconductors. The efficiency of PSCs improved to as high as 22% in 
2017, which initially started from a value of 4% in 2009. There are many reports on high-
efficiency PSCs. For example, Jeon et al. incorporated Bromide (Br) into perovskite to 
increase the band gap of perovskite material, and consequently increase the open circuit 
voltage of the device to get high efficiency (Jeon, Noh et al. 2015). Incorporation of Br into 
the perovskite stabilized the perovskite layer against humidity degradation. In this work, a 
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bilayer architecture of PSC from a combination of MAPbBr3 and FAPbI3 shows an average 
efficiency of 16.2% with a maximum efficiency of 18.5% (Jeon, Noh et al. 2015). Ahn et 
al. fabricated highly compact perovskite layers using the spin-coating of a solution of 
methylamine, lead iodide, DMF, and DMSO, along with using diethyl ether as anti-solvent 
to remove DMF during spin-coating. Using this technique, the authors reported stable and 
highly-reproducible PSCs with an average efficiency of 18.3% for 41 cells. The best PCE 
of 19.71% obtained via this method (Ahn, Son et al. 2015). A high-efficiency PSC reported 
by Yang et al. with a new fabrication technique named as intermolecular exchange method 
(Yang, Noh et al. 2015). This method provides full conversion of PbI2 to perovskite. It also 
makes large and flat grain size perovskites, which are essential to reduce the number of 
defects. Also, the perovskite layer with flat surface provides a smooth substrate for 
deposition of a thin HTM layer on top of the perovskite layer. Thus, PSCs fabricated with 
this method showed a maximum efficiency of 20.1% with an average efficiency of over 
19% (Yang, Noh et al. 2015). Yi et al. reported efficiency of 20.75% for PSCs fabricated 
using two-step spin-coating method (Yi, Li et al. 2016). They worked on the complete 
conversion of the mesoporous PbX2 precursor to perovskite using a mixed solution of 
PbBr2, MABr, FAI, and PbI2 in a mixed solvent including DMF and DMSO (Yi, Li et al. 
2016). The main point of Yi et al.’s work is making an excellent infiltration of perovskite 
into a mesoporous PbI2 layer by the reagent solution. In another research, Bi et al. have 
reported a new metal halide PSCs with maximum efficiency of 20.8% fabricated in the 
glovebox using one-step spin-coating method (Bi, Tress et al. 2016). This new perovskite 
with formula MAFAPbIxBr(1-x) consists of a mixture of FAI, PbI2, MABr, and PbBr2 with 
the precisely controlled composition of materials. The PbI2/FAI molar ratio of 1.05 in the 
precursor solution is an important parameter to have highly-efficient PSCs (Bi, Tress et al. 
2016). 
Crystallization of perovskite is the most challenging part in the fabrication of PSCs 
because defects such as pinholes and grain boundaries, mostly develop during this step. In 
work reported by Bi et al., a new approach was introduced to prepare high-quality 
perovskite films using poly (methyl methacrylate) (PMMA) as a template. PSCs fabricated 
using this approach, show a certified efficiency of 21.02% and a maximum efficiency of 
21.6% with an open-circuit voltage of 1.14 V, short-circuit current of 23.7 mA/cm2, and 
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fill factor of 78% (Bi, Yi et al. 2016). In another work, Saliba et al. reported incorporation 
of small and oxidation-stable rubidium cation (Rb+) into perovskite materials. PSCs 
fabricated by this technique shows a stabilized efficiency of 21.6% with an average 
efficiency of 20.2% (Saliba, Matsui et al. 2016). It suggests that a 5% incorporation of Rb+ 
is the optimal value to get the best performance PSCs (Saliba, Matsui et al. 2016). Finally, 
Yang et al. recorded the world highest efficiency for PSCs by the introduction of additional 
iodide ions into the organic cation solution in two-step spin-coating method through the 
intermolecular exchange process. The best efficiency of 22.6% with a certified efficiency 
of 22.1% is reported (Yang, Park et al. 2017). Table 4-1 summarizes the PSCs with high-
efficiency reported by different groups. 
4.2. Cesium-Doped Mixed Cation PSCs 
FAPbI3 has lower band gap compared to the MAPbI3 perovskite with a band gap 
of 1.55 eV. However, FAPbI3 is not stable at the room temperature (Stoumpos, Malliakas 
et al. 2013, Lee, Seol et al. 2014, Jeon, Noh et al. 2015). The best PSCs reported to date 
are from mixed cation perovskites containing both MA and FA, but these perovskites are 
thermally unstable and sensitive to the processing method. Doping perovskite with Cesium 
found to make the whole material stable. Thus, Saliba et al. proposed the mixed cation 
perovskite doped with Cesium with a general formula of Csx(MA0.17FA0.83)(100-
x)Pb(I0.83Br0.17)3 (Saliba, Matsui et al. 2016). They reported the fabrication of high-
efficiency and highly-reproducible PSCs using the Cs-doped mixed cation perovskites. In 
this chapter, we focused on the fabrication of Cesium-doped mixed cation PSCs in the 
Table 4-1: High-efficiency PSCs fabricated using the N2-filled glovebox. 
Fabrication 
Environment 
VOC 
[V] 
JSC 
[mA.cm-
2] 
FF 
[%] 
PCE 
[%] References 
N2-filled 
glovebox 
1.06 24.7 77.5 20.2 (Yang, Noh et al. 2015) 
1.108 22.96 79.9 20.75 (Yi, Li et al. 2016) 
1.16 24.6 73 20.8 (Bi, Tress et al. 2016) 
1.158 23.5 78.5 21.17 (Saliba, Matsui 2016) 
1.14 23.7 78 21.6 (Bi, Yi et al. 2016) 
1.18 22.8 81 21.8 (Saliba, Matsui 2016) 
1.11 25 81.7 22.6 (Yang, Park et al. 2017) 
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glovebox and optimized several methods and parameters to increase the efficiency of PSCs 
in our lab.  
Figure 4-1 shows the processing steps for the fabrication of PSCs in the glovebox. 
There are some variations in the processing steps compared to the literature and the 
methods in Chapter 3..For example, the samples were left on the hotplate with a 
temperature of 250°C when the annealing process for Li-doped mp-TiO2 finished. In this 
way, the moisture would not affect the surface of the samples. It is important because the 
last step was Li-doping of mp-TiO2. Li-TFSI is overly sensitive to the humidity and absorbs 
water upon exposure to the air. It changes from powder to liquid in the room with a 
humidity of >15% in less than ten minutes. Thus, we transfer samples into the glovebox 
without using the tape. Later, when deposition of perovskite and HTM completed, we 
cleaned the FTO area by using a blade to remove the perovskite layer, and then a swab 
wetted with DMF and ethanol, subsequently. It should be noted that we usually were using 
the Kapton tape to cover the FTO part in our experiments, but after a while, we found that 
the Kapton tape leaves some residue on the surface of FTO. It also prevents the uniform 
Figure 4-1: The processing steps for fabrication of mixed cation PSCs in the 
glovebox. 
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distribution of the perovskite solution during spin-coating, especially for the anti-solvent 
method. Also, when we set the stir’s temperature to 65°C, the solution divided into two 
separate liquid regions with different densities. Thus, after an overnight stirring, we 
decrease the temperature of the stir to 45°C a few hours before deposition of perovskite to 
have a homogenous solution. We also filtered the perovskite solution (PTFE filter with 
pore size of 0.45uL was used) right before the deposition of the perovskite. This step is 
essential for getting a smooth and shiny perovskite film. Otherwise, there will be some 
particles in the solution which were not dissolved completely, so making the surface of 
perovskite non-smooth. The solution was prepared inside the glovebox. The top-view and 
cross-sectional FIB-SEM images for a typical device is provided in Figure 4-2. The surface 
of the perovskite film (a, b) and the cross-section image of a typical device from both ion-
milling and cutting the sample (c, d) are included. The thickness of each layer was 
measured using the FIB-SEM cross-sectional imaging as 
50nm/250nm/350nm/220nm/80nm for c-TiO2/mp-perovskite/perovskite cap/HTM/Au 
layers, respectively. 
Figure 4-2: (a) and (b) Top-view FIB-SEM images of Cs-doped perovskite. FIB-
SEM cross-sectional images of a typical Cs-doped PSC provided by ion-milling 
(c) and cutting the sample (d). 
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4.3. The Effect of Substrate Cleaning on the Performance of PSCs 
We investigated the effect of using DI water in the cleaning process of substrates 
on the performance of the PSCs. We have used both the SEM and profilometry imaging to 
examine the cleanness of substrates. We have usually used the DI water for the last step of 
the cleaning process to remove the traces of organic solvents from the surface of the FTO. 
It means each sample was rinsed with DI water after sonication with the Hellmanex III 
detergent, acetone, and IPA. However, we found that the surface of the FTO is not smooth 
and clean for this cleaning process order. Both microscopy and SEM images show defects 
on the surface of the FTO as shown in Figure 4-3 (a-f). Also, according to the Figure 4-3 
(g), a step profiler scan on the samples reflects many spikes on the surface of the FTO. The 
height of these spikes is varying between 100 nm to over 1 µm. Thus, these spikes can 
contact the metal electrode easily. Even, the spikes with a height around 100 nm can pass 
through the top thin c-TiO2 layer (~50 nm) and reach to the absorber layer and increase the 
recombination rate. Also, rinsing the substrate with DI water at the final step after 
Figure 4-3: Samples with DI water rinse. (a, b, c) microscope images at different 
locations  (d, e, f) top-view SEM images at different scale and (g) step profiler scan, 
all for the surface of FTO substrate.  
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sonication with DI water, ethanol, and IPA produces some black spots on the surface of 
the FTO. These are visible under the microscope as shown in  Figure 4-3 (a-c). These spots 
were not cleaned by even 15 min O2 plasma etching. Thus, the thin c-TiO2 layer which was 
deposited by spray pyrolysis and spin-coating on the FTO suffers from defects and spikes. 
In this situation, the generated holes in the absorber layer can readily recombine with the 
electrons in the FTO and decrease the current density and the fill factor of the PSC. Thus, 
Figure 4-5: Samples without DI water rinse. (a, b) microscope images at different 
locations  (c, d) top-view SEM images and (e) step profiler scan, all for the surface 
of FTO substrate. 
Figure 4-4: The J-V curves for a batch of samples (a) with using DI water and (b) 
without using DI water in the cleaning process. 
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the substrate must be cleaned carefully to not show any spike on the surface of FTO. It 
means the surface roughness of FTO samples must be less than 50 nm because the next 
layer is c-TiO2 with a thickness of about 50 nm. In contrast, if samples cleaned carefully, 
the surface of FTO under microscope and SEM looks perfect without any defect and spike. 
To have it, we avoided using DI water in the last step of the cleaning process to rinse 
substrates. So, the samples directly dried with the N2 flow right after sonication with the 
Hellmanex III, acetone, and IPA. In this case, a surface scan using profilometer shows a 
smooth surface without any spike which means it is a suitable surface for deposition of the 
next thin c-TiO2 layer. The microscopy and the top-view SEM images along with a surface 
step scan using profilometer are provided in Figure 4-5 (a-e). There are no spikes anymore 
under the step profiler test. Both SEM and microscope images are showing a clean surface 
with minimum defects. As we were expecting, the performance of the devices improved 
substantially. Figure 4-4 (a) and (b) show the J-V characteristics of PSCs associated with 
the cleaning procedures described in Figure 4-3 and Figure 4-5, respectively.  The main 
improvement is with the fill factor which enhanced the overall PCE of the devices from an 
average value of 10.03% to 15.86%. 
4.4. Importance of ETL in the PSCs 
In a high performing solar cell, the energy levels of various materials must be well 
aligned. For example, the band gap in the light absorber must be appropriate for absorbing 
visible light. The conduction band edge in the light absorber must be slightly higher than 
the conduction band edge of the n-type semiconductor so that electrons can be efficiently 
injected from the light absorber to the ETL. Interestingly, all of these energy levels can be 
changed in different ways. For example, by changing the carrier transport materials, the 
conduction band edge will also change. In this section, we optimized the processing steps 
in the fabrication of ETL and HTM layers in the PSCs. Also, a new solution for deposition 
of the ETL using spin-coating method is introduced. 
4.4.1. Adding HCl into the ETL Solution for Spray Pyrolysis 
The effect of adding hydrochloric acid 37% into the c-TiO2 solution in spray 
pyrolysis method is investigated in this section. We added 50 µl HCl dropwise to the c-
TiO2 solution. The solution consists of titanium diisopropoxide bis(acetylacetonate) (75% 
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in 2-propanol, Sigma-Aldrich) diluted in anhydrous ethanol with the volume ratio of 945 
µl to 18 ml (1:19). We found that the devices with HCl additive in their c-TiO2 solution 
show a lower open circuit voltage compared to the test devices. The Voc for the control 
cells usually is between 1.05 V to 1.10 V. However; it decreases to 0.7-0.85 V for the 
samples containing HCl in the solution of spray as shown in Figure 4-6. The resistance of 
c-TiO2 layer was measured by using the four-point probe measurement to estimate the 
quality of the film. The high resistance of c-TiO2 layer means a low number of defects and 
pinholes in the layer. Fabrication of high resistance ETLs (usually>1MΩ.cm-2) which 
means a low density of pinholes in the film is critical in achieving high-efficiency PSCs 
with high fill factor. The fill factor is higher in samples with high resistance c-TiO2 layer 
compared to the samples with a low-resistance c-TiO2 layer (usually<10KΩ.cm-2). The 
resistance of the ETL usually controlled by the spray time considering the same condition 
for all other parameters such as solution volume, density, annealing time, distance, and the 
temperature. Generally, with the same volume, samples with longer spraying time showed 
higher resistance compared to the samples that the same volume of solution sprayed in a 
shorter time. 
Figure 4-6: The J-V curves for PSCs with and without HCl additive in the c-TiO2 
solution of spray pyrolysis. 
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4.4.2. Introducing a Solution for Deposition of ETL by Spin-Coating 
Deposition of a pinhole-free TiO2 film with a smooth surface is critical in 
mesoporous structure PSCs. First of all, the film must be pinhole-free to block the transport 
of generated holes into the FTO electrode. Secondly, the surface of the film must be smooth 
without any spike or non-ideality. The spikes on the surface of the film become the primary 
source of direct contact between the FTO and the counter electrode and making the 
performance of the device poor by lowering the JSC and the fill factor. Thus, the surface of 
film should not have any spikes and non-uniformity. It should be noted that in the 
mesostructure PSCs, spikes with heights less than the thickness of the mp-TiO2 layer (~150 
nm) do not affect the performance of the device. The mp-TiO2 layer functions as an electron 
transporting material in the mesostructure PSCs, so as long as the spikes from the surface 
of c-TiO2 do not have heights higher than the thickness of the mp-TO2 film, they cannot 
recombine with the holes to deteriorate the performance of the device. A pinhole-free and 
still thin (30-60 nm) TiO2 film has resistance typically more than 1MΩ.cm-2 (Wu, Yang et 
al. 2014). The high resistance of c-TiO2 layer means a low number of defects and pinholes 
in the thin film. Here, we have provided a performance comparison between PSCs 
employing spray pyrolysis and spin-coating methods for deposition of the c-TiO2 layer. 
Also, we introduced a new solution for deposition of the c-TiO2 layer using the spin-coating 
method. The detail of each fabrication method is provided in section 2.2. We named the 
solution containing (TiO2 in IPA 75%, Sigma Aldrich) and (TiO2 99.999%, Sigma Aldrich) 
as solutions A and B, respectively. The J-V curves for three batch of samples with the same 
fabrication steps (excluding fabrication of the c-TiO2 layer) for PSCs employed spray 
pyrolysis, spin-coating of solution A, and spin-coating of solution B are shown in Figure 
4-7 (e) and Figure 4-8 (a, b), respectively. 
The resistance of the ETL deposited by the spray pyrolysis was easily controlled 
by the spray time considering that all other parameters such as solution volume, density, 
annealing time, distance, and the temperature left unchanged. Figure 4-7 shows the c-TiO2 
film deposited by spray pyrolysis under the microscope. The black spots in Figure 4-7 (a) 
in the c-TiO2 side are the peaks, not the pinholes. These peak with heights as high as 800 
nm in Figure 4-7 (d) could reach to the mp-TiO2 and even gold layers as shown in Figure 
4-7 (b) and (c), respectively. Therefore, the devices fabricated using spray pyrolysis show 
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an average fill factor of 64% with average PCE of 13.78%. The spray deposition method 
is time-consuming, and unreliable regarding the film quality, at least in our case. However, 
this method is the most efficient deposition method for large-scale deposition. We may 
need to set up a professional spray deposition system to be able to deposit uniform and 
high-quality thin films. 
The Spin-coating of the TiO2 provides a much smoother surface compared to the 
spray deposition method because the solution in the spin-coating process can fill the valleys 
of FTO grains making the surface smooth (Wu, Yang et al. 2014). The resistance of the 
thin films with this method is varying from 1KΩ.cm-2 to a few hundreds of KΩ.cm-2 which 
are much lower than those using the solution B. It means the spin-coating of solution A 
does not provide high-quality and pinhole-free films. It should be noted that we repeated 
spin-coating of the solution A three times which is a waste of time, energy, and materials 
compared to the solution B, which gives a high-quality and pinhole-free film with only one 
Figure 4-7: Microscope images showing spikes in (a) c-TiO2 (b) mp-TiO2 and (c) gold 
layers. (d) Step profiler scan for c-TiO2 film deposited by spray pyrolysis. (e) The J-V 
curves for a batch of samples with c-TiO2 layer deposited by spray pyrolysis. 
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spin-coating. We could not make pinhole-free and high-resistance c-TiO2 film using the 
solution A with spin-coating. 
We prepared three different solutions named B1, B2, and B3. Solutions B1, B2, 
and B3 represent the solutions containing 250 uL, 375 uL, and 500 uL of TiO2 (99.999%, 
Sigma Aldrich), respectively. Therefore, we investigated the performance of the device 
with solution B with different thicknesses and deposition techniques. Figure 4-9 shows the 
top-view SEM images of the c-TiO2 layer deposited with spin-coating of the solution B at 
different magnification. As we see here, the film suffers from surface cracks. These cracks 
are only available at the surface of the film deposited from high-density solution B named 
as B3. We used the lower densities of 250 uL and 375 uL of TiO2 (99.999%, Sigma 
Aldrich) in the 5 mL of ethanol compared to the high density of 500 uL of TiO2 (99.999%, 
Sigma Aldrich) in the 5 mL of ethanol. These solution densities give a thin film with a 
thickness of about 20, 36, and 50 nm after annealing at 450 C for 45 min, respectively. We 
tried various techniques not to get cracks on the surface of thick (>40 nm) c-TiO2 layer 
deposited by spin-coating of solution B. It includes gradually annealing, gradually cooling, 
covering samples during annealing and cooling, and using different spin-coating 
parameters and techniques. Finally, we concluded that cracks are available on the surface 
of samples unless we decrease the density of the solution and have a thinner layer. The 
ETL films prepared using solution B, show resistances between 5 MΩ.cm-2 to 70 MΩ.cm-
Figure 4-8: The J-V curves for PSCs with c-TiO2 layer deposited by spin-
coating of (a) solution A and (b) solution B. 
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2. Such a high resistance for a film with a thickness between 20 nm to 55 nm reveals a 
compact, high-quality, and pinhole-free layer. Here, the thickness of the deposited TiO2 
layer from spin-coating method is mainly controlled by the solution density and the 
annealing process. 
One technique to make crack-free and thick-enough c-TiO2 (~50 nm) film is to 
repeat the whole process of the deposition with a low-density solution like B1. We tried 
different ways to deposit a crack-free layer using this solution, and we found there are no 
cracks on the surface of the film at all. Thus, to have 40 nm and 55 nm c-TiO2 film, we 
repeated the whole process of spin-coating and annealing of samples with a combination 
of solutions B1 and B2. The final film with a thickness of 40 nm and 55 nm did not show 
any crack using this method. However, the interface between each 20 nm films may not be 
perfect which will result in lowering the JSC. Thus, the traps at the interface affect the 
performance of the device, and the short circuit current reduces compared to the samples 
that not have repeated spin-annealing step. The results for this topic are under further 
preparation for submission to the journals. The thickness of the TiO2 layer from solution 
B3 was ~140 nm before annealing. However, it reduced to ~50 nm upon annealing at 450°C 
Figure 4-9: (a, b, c) Top-view SEM images for c-TiO2 deposited by spin-coating of 
solution B. (d) The c-TiO2 under profilometer showing no pinhole and spikes. (e) Step 
profiler scan for c-TiO2 film deposited by spin-coating of solution B3. (f) Step profiler 
scan for c-TiO2 film deposited by spin-coating of solution B1. 
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for 45min. It should be noted that annealing of c-TiO2 was completed in the air inside a 
hood. No dry air flow was used for the annealing process. Thus, the performance of PSCs 
improved significantly by using the new solution in spin-coating of ETL compared to the 
conventional solution as shown in Figure 4-8. It provides a pinhole-free, spike-free, and 
still thin enough ETL. The major improvement is in terms of the fill factor of devices which 
improved from 54% for the solution A to almost 72% for using the new solution B. The 
average PCE is improved by 50%, from 10.6% for solution A to 15.4% in PSCs with 
solution B. 
4.5. Fabrication Optimization of Cs-doped Mixed Cation Perovskite  
The fabrication detail of the Cs-doped mixed cation perovskite film in the glovebox 
is described in 4.2. In this section, we summarized the processing issues we solved during 
fabrication of the perovskite film in the glovebox. Dryness of the glovebox and the spin-
Figure 4-10: Top-view SEM images for spin-coating at (a) 1000 rpm 10 sec and (b) 
1000 rpm for 3 sec followed by 4000 rpm for 20 sec.(c) The XRD spectra for samples 
corresponding to the (a) and (b). 
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coater environment plays a vital role in getting a high-quality perovskite film. In literature, 
the one-step spin-coating using the anti-solvent method with the spin-coating speed at 1000 
rpm for at least 10s followed by spin-coating at high-speed was usually used for deposition 
of the perovskite layer. However, it does not work for our fabrication setup. The perovskite 
film will get dry quickly during the first spin step at 1000 rpm due to open-cap spin-coater. 
Thus, the 10 s spinning at low speed does not provide a shiny, black, and smooth surface 
perovskite layer. Therefore, we optimized the spin-coating parameters to 1000 rpm for 2-
3 sec followed by 4000 rpm for 20 secs to get a decent perovskite film. A 100 µl of CBZ 
dispensed in one quick step after 7 s during the second spin step at 4000 rpm. The top-view 
SEM images and the XRD spectra for these two spin-coating parameters are shown in 
Figure 4-10. Following these parameters, we could get shiny, black, and thick enough 
perovskite films. The perovskite film that uses spin-coating at 1000 rpm for 10s in Figure 
4-10 (a) shows non-uniform nanoparticles of the perovskite. In contrast, perovskite film in 
Figure 4-10 (b) shows a uniformly packed perovskite particles without any crack and gap 
between them. The major perovskite peak is at 2θ=14.15°. The perovskite to FTO peak 
intensity ratio was improved from 2117 to 3.68 as shown in Figure 4-10. Thus, it is essential 
to control the fabrication environment during deposition of the perovskite layer using the 
anti-solvent method and adjust the spin-coating parameters accordingly. 
Figure 4-11 shows the top-view SEM images for the perovskite films deposited 
with different CBZ volume and the anti-solvent timing. The average size of perovskite 
particles in Figure 4-11 (a), (b), and (c) is 240 nm, 251 nm, and 252 nm, respectively. 
Several parameters can affect the size of grains in the perovskite film. For example, the 
grain size increases with increasing the annealing temperature and the annealing time. 
Figure 4-11: Top-view SEM images for perovskite film deposited using (a) 100 uL 
CBZ at 5 sec, (b) 100 uL CBZ at 10 sec, and (c) 500 uL CBZ at 10 sec. 
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Longer annealing time and higher temperature provide lower FWHM and larger grain sizes 
(Chen, Song et al. 2017). The size of perovskite particles also can vary by using a different 
solvent in the anti-solvent method and the dissolution of the perovskite materials (García-
Aboal, Fenollosa et al. 2018). On the other hand, the thickness of the perovskite layer can 
be controlled by several parameters including the spin-coating speed, concentration of the 
solution, anti-solvent timing, loading time, annealing time, solvent volume in the anti-
solvent method (Kim and Park 2014, García-Aboal, Fenollosa et al. 2018). In our 
experiments, for a fixed and regular precursor solution and preparation method, we 
controlled the thickness of the meso-perovskite film by adjusting the loading time before 
starting the spin-coater. Also, we controlled the thickness of the perovskite cap layer using 
the volume of the CBZ in the anti-solvent method for a fixed anti-solvent timing. 
According to Figure 4-11, the volume of CBZ does not change the size of the 
perovskite particles. However, it affects the thickness of the perovskite cap layer. The 
thickness of the perovskite cap layer decreases as the volume of CBZ increases. Here, we 
measured the thickness of the layers using the FIB-SEM. The thickness of the perovskite 
cap layer is ~560 nm and 470 nm for 100 uL and 500 uL CBZ, respectively. It should be 
mentioned that the thickness of the meso-perovskite and the cap layer are affected by many 
parameters such as the perovskite solution, anti-solvent timing, annealing, spin-coating 
speed, etc., but these results are for samples in the same processing conditions. It may also 
be useful to mention that loading time of perovskite solution before starting the spin-coater 
changes the thickness of the meso-perovskite layer. In addition, there is no difference 
between Figure 4-11 (a) and (b) regarding the anti-solvent timing for 100 uL of CBZ 
regarding the size of particles. However, Figure 4-11 (a) shows loosely-packed crystals of 
the perovskite with gaps between neighbor particles. Instead, the perovskite crystals 
formed a compact film in Figure 4-11 (b) for the anti-solvent method with 100 uL CBZ at 
10 sec. 
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The anti-solvent method was usually used with CBZ as the solvent. However, CBZ 
cannot dissolve the Li-TFSI particles. The bottom layer which is mp-TiO2 is usually doped 
with Li-TFSI. Thus, the perovskite layer must be deposited on a substrate that has traces 
of Li-TFSI. In this case, it may be better to use a solvent in the anti-solvent method for 
deposition of the perovskite film that can dissolve the Li-TFSI particles completely. We 
have tried different solvents such as Toluene, DEE, DMF, etc. to see which one can 
dissolve Li-TFSI readily. Finally, the DEE solvent selected for the further process because 
it can dissolve the Li-TFSI readily. Figure 4-12 (a) shows the dissolution of Li-TFSI in the 
CBZ, DEE, and a mixture solvent containing CBZ:DEE with the volume ratio of 4:1. All 
of these experiments were performed in the glovebox. We found that the CBZ cannot 
dissolve the Li-TFSI even after an hour. However, both DEE and the mixed solvent can 
dissolve the Li-TFSI powders easily in less than a minute. Thus, here we investigated the 
quality of the perovskite film and the performance of the PSCs fabricated based on them. 
The top-view SEM images for perovskite films deposited by spin-coating with the anti-
solvent method using CBZ with 4000 rpm, CBZ with 6000 rpm, and CBZ:DEE with 4000 
rpm are shown in Figure 4-12 (b), (c), and (d) respectively. The average size of the 
perovskite particles in Figure 4-12 (b), (c), and (d) is 236 nm, 204 nm, and 285 nm, 
respectively. Thus, the pure DEE as anti-solvent for this method does not increase the size 
Figure 4-12: (a) dissolution of Li-TFSI in CBZ, DEE, and the mix of CBZ/DEE. (b)  
Top-view SEM images of the perovskite film deposited by the anti-solvent method with 
(b) CBZ at 4000 rpm for 20 sec (c) CBZ at 6000 rpm for 20 sec and (d) CBZ:DEE with 
a volume ratio of 4:1 at 4000 rpm for 20 sec. A low spin-coating speed of 1000 rpm for 
3 sec was used before spinning at high speed. 
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of the particles. However, a mixture of CBZ and DEE with a volume ratio of four to one 
gives larger crystals. Perovskites with larger particles show a lower density of defects in 
the film compared to the one with smaller particles. Thus, the performance of the PSCs 
with CBZ:DEE in the anti-solvent method is improved as shown in Figure 4-13 (a). The 
average value of the VOC, JSC, FF, and PCE for five samples from each case are provided 
in Figure 4-13 (a). The overall PCE is improved to 15.9% for samples C with CBZ:DEE 
compared to the samples A with CBZ both with same spin-coating speed. The current is 
low for samples B with CBZ as the anti-solvent with the spin-coating speed of 6000 rpm 
due to thinner perovskite film. Typically, a high-speed spin-coating makes a thinner film 
compared to the low-speed spinning. Figure 4-13 (b) shows the EQE, and the current 
density of a typical device from group C. The current density provided by the EQE 
measurement agrees with the current density value measured in Figure 4-13 (a). 
4.6. Replacement of ACN with DEE in Preparation of the HTM Solution 
The ACN solvent is usually used to dissolve the Li-TFSI for doping spiro-
OMeTAD. HTM layer was deposited on the perovskite layer after 3-5 min of cooling down 
the samples. In this case, the ACN solvent present in the HTM solution can damage the 
perovskite compared to the other solvents such as DEE and CBZ. Thus, it may be a good 
idea to use another solvent to dissolve Li-TFSI and FK209 for doping the spiro-OMeTAD. 
Here, the author used DEE, as it can dissolve both FK209 and Li-TFSI readily. However, 
Figure 4-13: (a) The J-V curves for PSCs with different solvent in the anti-solvent 
method. (b) The EQE and current density for PSCs with CBZ:DEE as solvent in the 
anti-solvent method. 
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another solvent like CBZ cannot dissolve Li-TFSI. Thus, we prepared HTM solution 
contains spiro-OMeTAD dissolved in CBZ and doped with Li-TFSI and FK209 which both 
were dissolved in DEE with desired ratios. The J-V curves are shown in Figure 4-14. VOC 
for all devices with the new HTM solution decreased by 0.2 V. Although, this idea was not 
successful, but it provides a good direction toward replacement of the ACN in the HTM 
solution. 
4.7. Back Contact Electrode 
Gold was usually used as the back electrode in the PSCs. We used both the thermal 
and the e-beam evaporation methods for deposition of the gold layer for PSC fabricated in 
the glovebox. In this section, we studied the performance of PSCs employing different 
deposition method for evaporation of the back contact. 
4.7.1. Cracks in the Gold Layer Deposited by Thermal Evaporation 
The gold layer suffers from large cracks in the size of 300-500 nm in case of thermal 
evaporation. These cracks deteriorate the performance of the device in many ways. First, 
the cracked film may ineffectively collect the holes from the HTM layer due to not strong 
adhesion to the HTM layer. Secondly, the cracks inside the gold layer reduce the actual 
active area of the device and thus underestimate the real device area. Third, the cracks 
Figure 4-14: The J-V curves for PSCs with ACN and DEE solvents to 
dissolve the additives into the HTM solution. 
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inside the gold layer can provide a pathway for the moisture to contact the HTM layer and 
affect the stability of the device. The cracks in the gold layer do not come from the 
substrate, thermal deposition rate, distance between source and samples, and the process 
of cooling. We tried both spiro-OMeTAD and CuSCN HTMs to test the above parameters, 
and the cracks were still in the layers for all cases. We should mention that our samples 
were exposed to the humidity for 1-2 hours before deposition of the gold and measurement 
of the cells. This topic extensively studied in section 2.6.3. Figure 4-15 (a) and (b) show 
the FIB-SEM cross-sectional of the PSC and the top-view SEM image of the gold layer 
deposited by thermal evaporation. The cracks are present in the Au film according to the 
cross-sectional image. Thus, the active area is not accurately defined by the gold layer. The 
gold layer with such large cracks cannot prevent humidity to not contact to the HTM layer. 
Although the overnight oxidation of HTM film is essential for high-performance PSCs, its 
long-term exposure to the humidity damages the HTM film and deteriorate the overall 
performance of the device. We concluded that to make a crack-free Au layer on the HTM, 
we need to use the suitable crucible (straight coil and alumina-coated basket filament), then 
clean it with solvents and DI water thoroughly to not have any contamination on the 
filament and gold residue. Also, a pre-deposition step at high temperature is highly 
suggested before starting the deposition of gold. We were using Tungsten basket crucible 
for deposition of Au. However, it was always making a full crack gold film. Finally, we 
found that a straight filament along with a cleaning process can make crack-free gold layer. 
However, we suggest using alumina coated boat and alumina-coated basket crucibles for 
deposition of the gold layer by thermal evaporation. 
Figure 4-15: (a) SEM cross-sectional and (b) top-view SEM images for 
PSCs with the back electrode that deposited by thermal evaporation. 
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4.7.1. E-beam Evaporation for Deposition of Gold Layer 
The e-beam evaporator provides a high-quality crack-free gold layer. The only 
issue with e-beam evaporation is the temperature inside the chamber especially in case of 
small chamber system that temperature can damage both the perovskite and organic HTM 
layer as discussed in section 2.6.2. The samples without exposure of HTM into the air 
suffer from large pinholes in the HTM as shown in Figure 2-4. Figure 4-16 shows the J-V 
curves for two groups of samples that the gold layer deposited by e-beam evaporation. The 
samples without and with HTM oxidation in air named as group A and B, respectively. We 
could make PSCs with high fill factors (>70%) by e-beam evaporation for samples B which 
were left in air overnight. The pinholes in the HTM facilitate the transport of molecules 
and gases (Hawash, Ono et al. 2015). Hawash et al. showed that the Li-TFSI dopants in the 
HTM film distribute at the bottom of the film (Hawash, Ono et al. 2015, Hawash, Ono et 
al. 2016). Then, the pinholes inside the HTM film provide a pathway for moisture and air 
to react with the Li-TSFI. Therefore, the dopants distribute across the whole thickness of 
the film and increase the conductivity of the HTM. They showed that the performance of 
the PSCs dramatically improves upon overnight exposure of samples to the humidity. 
However, the long-term exposure to the humidity showed to be harmful to the device 
Figure 4-16: The J-V curves for PSCs with a Ag interlayer between the HTM 
and gold. 
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(Hawash, Ono et al. 2015, Hawash, Ono et al. 2016). In Figure 4-16, samples of group A 
were not in air overnight, so the pinholes with average size ~200 nm were still in the film. 
Thus, the gold nanoparticles could easily penetrate to the HTM and contact the absorber 
layer, make the device short-circuited.  
4.7.2.  Improve Adhesion of Gold to the HTM using Silver Interlayer 
The adhesion of gold on the HTM is poor especially in case of thermal evaporation. 
Here we deposited a 2 to 5 nm silver (Ag) layer on top of the HTM followed by 80 nm of 
gold to solve this issue. In this way, the adhesion of the gold layer improved according to 
our simple tweezer tool test. Based on our experiments, a pure gold film can easily come 
off. However, the gold films with 2-5 nm silver buffer layer showed strong adhesion to the 
HTM. Therefore, the gold film did not come off from HTM surface by scratching the 
surface of gold.  
It was not possible for us to study the PSCs with pure silver as the back electrode 
because our samples were in exposure to the air after deposition of back contact. We should 
mention that both the evaporation and measurement systems were at the different facilities, 
so the samples were in exposure to the air for a while before transferring into the glovebox. 
In Figure 4-17, we show the J-V curve for a PSC with pure silver (100 nm) as the back 
Figure 4-17: The J-V curves for PSCs with a Ag interlayer between the HTM 
and gold. 
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contact deposited by thermal evaporation. This sample was exposed to air after deposition 
of back contact. The performance of the device is poor due to an oxidized silver contact. 
We also used a thin layer of silver between gold and HTM using an e-beam evaporator that 
can handle four different source materials at the same time without breaking the vacuum. 
In this case, the 2 and 5 nm silver films do not oxidize because they are not in exposure to 
the air due to the top gold layer. The result for these devices is also presented in Figure 
4-17 and Figure 4-18. 
Silver with a workfunction of 4.7 eV makes a Schottky barrier upon contact with 
the spiro-OMeTAD with a workfunction of 5.2 eV. The Schottky barrier is not in favor of 
holes, however by connecting spiro-OMeTAD with gold (workfunction=5.1 eV) an ohmic 
contact can form which is in favor of holes. Another issue here is that the gold layer has 
poor light reflection and adhesion to the spiro-OMeTAD compared with the silver which 
has excellent reflection and adhesion. Thus, using a thin layer of Ag between spiro-
OMeTAD (<5 nm thickness) and gold layer improves the reflectance and adhesion issues. 
At the same time, due to the formation of quantum well, the energy levels in the buffer Ag 
layer will be close to the workfunction of the neighbor-layers, i.e., spiro-OMeTAD and the 
gold. In this case, holes will not accumulate in the quantum well region in the band energy 
Figure 4-18: The J-V curves for PSCs with a thin layer of Ag between HTM and 
gold layers. The thickness of Ag and Au are 2 and 80 nm, respectively. 
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and can transfer into the gold layer efficiently. So, the thickness of silver must be thin. Here 
we considered both 2 and 5 nm silver film between HTM ad gold. Finally, the best 
performance PSCs reported in this dissertation come from the samples with a ~2nm thick 
Ag between the HTM and gold layers as shown in Figure 4-18. The champion cell has a 
maximum PCE of 17.43% for an active area of 0.08 cm2 in reverse bias direction. 
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Chapter 5. Conclusion and Future Work 
5.1. Conclusion 
PSCs have demonstrated the PCEs greater than organic solar cells and comparable 
to those of commercialized silicon solar cells. The PCE increased from 6.5 % in 2011 to 
over 22.0 % in 2017. The light absorber of the PSCs is a film made of APbX3 (A=CH3NH3, 
(NH2)2CH2 or Cs, X= I, Br or Cl). PSCs are considered as the most promising replacement 
of silicon solar cells due to their high efficiency at low manufacturing cost. In this 
dissertation, we worked on the fabrication of the perovskite solar cell with different 
perovskite materials. Both the ambient air conditions and the N2-filled glovebox 
environments were employed. The photovoltaics was a new research area in our group. 
Thus, we established a series of equipment and thin-film deposition system for this research 
area. It is suggested to fabricate PSCs in ambient air conditions to reduce the production 
cost. Thus, we started to use the cheap and straightforward methods and materials for this 
purpose as much as possible. Therefore, we stored all materials including moisture 
sensitive materials, prepared all solutions, and fabricated the devices in ambient air 
conditions with relative humidity above ~36%. We studied the impact of several 
parameters on the performance of PSCs with focus on the fabrication of high-efficiency 
PSCs in ambient air condition. In this part, the effect of spin-coating parameters on the 
deposition of the HTM layer, HTM solution preparation, the impact of HTM exposure to 
air and light, and the impact of repetitive measurement of cells were studied. We found 
that exposure of samples to air and light are both crucial for fabrication of solar cells with 
larger current density and better fill factor.  The results are provided in Chapter 3. These 
results would be valuable to produce low-cost and high-efficiency PSCs in ambient air 
conditions. 
Next, we studied the fabrication of PSCs in the environmentally controlled N2-filled 
glove-box. Here, we addressed several issues with the solutions regarding the substrate 
cleaning procedure, deposition of HTL, deposition of the perovskite film, the spin-coating 
method, and the deposition of metal back contact by thermal and e-beam evaporation. A 
new solution for use with spin-coating for deposition of an efficient HTL introduced. Also, 
a thin layer of silver utilized to improve the adhesion of the gold back electrode to the 
organic HTM film. Finally, we fabricated PSCs with efficiencies as high as ~17.5% by 
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spin-coating a cesium-doped mixed cation perovskite with the final formula of 
Cs0.07MA0.1581FA0.7719Pb1I2.49Br0.51 using the anti-solvent method. It should be noted that 
not all of the processing steps in our experiments were the same as the other reports. Due 
to equipment constraints, we performed the spin-coating of c-TiO2, mp-TiO2, and Li-TFSI 
doping in the glovebox, however, it is suggested to do these steps in the air. These results 
are provided in Chapter 4. 
We believe the efficiency can get improved by new tests because the author could 
not run more experiments incorporating all optimized parameters into the account for a 
typical device. 
5.2. Future Work 
Although perovskites show interesting properties and PSCs recorded efficiencies 
higher than current commercialized CIGS solar cells, some issues need to be investigated 
for commercialization purposes such as the stability and hysteresis. A PV device must be 
flexible and lightweight for use in applications such as portable power sources and 
wearable products. In this case, low-cost roll-to-roll processing steps can be utilized. Thus, 
fabrication of the PSCs on the flexible substrate is a topic for interested researchers. The 
mesoporous TiO2 layer is composed of 20-nm-sized TiO2 particles deposited by spin 
coating. There are two drawbacks to use TiO2 nanoparticles. First, it is hard to access some 
small gaps between packed TiO2 nanoparticles. The pores formed between TiO2 
nanoparticles are irregular with pore sizes distributed statistically. Some pore sizes are 
small so that it is hard to loading perovskite materials into them. Second, there is scattering 
at the boundaries of TiO2 nanoparticles that electrons suffer from during transporting 
through TiO2 nanoparticles. Both issues may reduce the photocurrent. Therefore, TiO2 
nanotubes and other one-dimensional ETLs are excellent choices for further investigation. 
Currently, all high-efficiency PSCs have lead in their perovskite precursor. Lead is 
a toxic material and may cause an environmental hazard and be harmful to human health. 
Therefore, it is important to research for a low-cost and environmentally benign lead-free 
perovskite solar cell. The best possible replacement for lead is tin (Sn). The maximum 
efficiency of lead-free PSCs is low compared to that of lead-based PSCs. Thus, the research 
on lead-free PSCs was not successful yet, and further studies are needed. Also, MAI and 
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FAI perovskites are sensitive to the moisture, and so the performance of the PSCs 
employing these perovskites degrade over time in high-humidity conditions. Therefore, 
encapsulation of the PSCs must be considered. The spiro-OMeTAD with additives such as 
Li-TFSI form the HTM film. These materials are sensitive to the preparation, operation, 
and storage. Also, they are costly compared to the other materials in the PSC. However, 
some other low-cost organic HTMs are suggested in the literature; more investigation is 
needed to find an inorganic material to function as good as spiro-OMeTAD with no need 
of additives. 
Both gold and spiro-OMeTAD are expensive materials in the PSCs. Reducing the 
cost of the PSCs for commercialization is critical. One way is to increase the efficiency, 
but the other way is to use low-cost materials to get a reasonable PCE with excellent long-
term stability. Carbon is not sensitive to the humidity and shows excellent adhesion to the 
HTM film. So, the replacement of Au with carbon paste and carbon nanotube as the back 
electrode can be investigated for the low-cost and large-scale production of PSCs. The J-
V measurement of PSCs demonstrates hysteresis in forward and reverse scan direction. 
Four primary mechanisms have been reported for explaining the J−V hysteresis behavior: 
(a) slow transient capacitive current, (b) dynamic trapping and de-trapping processes of 
charge carriers, (c) band bending due to ion migration, and (d) band bending due to 
ferroelectric polarization (Chen, Yang et al. 2016). However, the main reason is not clearly 
understood yet. Thus, new researches are needed in this era.  
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